A study on Textile Reinforced - and Expanded Polystyrene Concrete sandwich beams by Nguyen, Viet Anh
Untersuchung von Sandwichbalken aus Textil- und
Styroporbeton
A Study on Textile Reinforced- and Expanded Polystyrene
Concrete Sandwich Beams
Der Fakulta¨t Bauingenieurwesen
der Technischen Universita¨t Dresden
zur Erlangung der Wu¨rde eines
Doktor-Ingenieurs (Dr.-Ing.)
vorgelegte
DISSERTATION
von
M.Sc. Viet Anh Nguyen
geboren am 22. Dezember 1980 in Hai Phong, Vietnam
Gutachter:
Prof. Dr.-Ing. Dr.-Ing. E.h. Manfred Curbach
Prof. Dr. sc. techn. Mike Schlaich
eingereicht am: 10.09.2014
ii
Contents
1. Introduction 1
1.1. Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. Objects and problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.3. Thesis content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. State of the art 5
2.1. Sandwich structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2. Face layer materials . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.3. Core materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.4. Load response of sandwich beam . . . . . . . . . . . . . . . . . 11
2.1.5. Linear sandwich theory . . . . . . . . . . . . . . . . . . . . . . . 15
2.2. Expanded polystyrene concrete . . . . . . . . . . . . . . . . . . . . . . 18
2.2.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.2. Parameters influencing the compressive strength . . . . . . . . . 20
2.2.3. Environmental benefits of EPC . . . . . . . . . . . . . . . . . . 22
2.3. Textile reinforced concrete . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.2. Material properties of TRC . . . . . . . . . . . . . . . . . . . . 25
2.3.2.1. General load response . . . . . . . . . . . . . . . . . . 25
2.3.2.2. Durability and life-span . . . . . . . . . . . . . . . . . 25
2.3.2.3. The long-term properties . . . . . . . . . . . . . . . . 26
2.3.2.4. Fire resistance . . . . . . . . . . . . . . . . . . . . . . 26
2.3.3. Application of TRC in construction . . . . . . . . . . . . . . . . 27
2.3.3.1. Strengthening of old concrete structures . . . . . . . . 27
2.3.3.2. Developing lightweight structures . . . . . . . . . . . . 30
2.3.3.3. TRC sandwich elements . . . . . . . . . . . . . . . . . 31
2.4. Concept of TRC-EPC sandwich beam . . . . . . . . . . . . . . . . . . . 32
2.4.1. The environmental impacts of constructions . . . . . . . . . . . 32
2.4.2. Developing concept of TRC-EPC sandwich beam . . . . . . . . 34
2.5. Summary and research questions . . . . . . . . . . . . . . . . . . . . . 35
3. Experimental investigation 37
3.1. General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2. Experiments on EPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3. Analysis and selection expanded polystyrene concrete . . . . . . . . . . 42
3.4. Materials used in TRC-EPC sandwich beams . . . . . . . . . . . . . . . 44
3.4.1. Fine high strength concrete . . . . . . . . . . . . . . . . . . . . 44
3.4.2. Textile reinforced concrete . . . . . . . . . . . . . . . . . . . . . 45
iii
Contents
3.4.3. Expanded polystyrene concrete . . . . . . . . . . . . . . . . . . 46
3.5. Experiments on TRC-EPC sandwich beams . . . . . . . . . . . . . . . 47
3.5.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.5.2. Manufacturing process of experimental specimens . . . . . . . . 49
3.5.3. Measuring equipment and experimental procedure . . . . . . . . 50
3.5.4. Moment at failure . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.5.5. Bond destruction in TRC layer . . . . . . . . . . . . . . . . . . 53
3.5.6. Crack patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.5.7. Strain distribution in the mid-span cross section . . . . . . . . . 58
3.5.8. Horizontal relative displacement between the layers . . . . . . . 60
3.5.9. Core compressive deformation . . . . . . . . . . . . . . . . . . . 61
3.5.10. Failure mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.5.11. Load-deflection diagrams . . . . . . . . . . . . . . . . . . . . . . 65
3.6. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4. FEM models for TRC-EPC sandwich beams 69
4.1. General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.2. Material model for concrete . . . . . . . . . . . . . . . . . . . . . . . . 69
4.2.1. Compressive strain and stress relationship . . . . . . . . . . . . 69
4.2.2. Tensile strain and stress relationship . . . . . . . . . . . . . . . 71
4.2.3. Bi-axial strain - stress relationship . . . . . . . . . . . . . . . . 73
4.2.4. Reduction of shear stiffness due to cracking . . . . . . . . . . . 74
4.2.5. Input parameters for SBETA model . . . . . . . . . . . . . . . . 75
4.3. Material model for textile reinforcement . . . . . . . . . . . . . . . . . 75
4.4. Reinforcement bond model . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.5. Developing FEM models . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.6. Result analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.6.1. Series S1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.6.2. Series S2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.6.3. Series S3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.6.4. Series S4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.6.5. Series S5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.6.6. Series S6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.6.7. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.7. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5. Prediction of the shear capacity of TRC-EPC sandwich beams 91
5.1. General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2. Calculation approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2.1. European standard . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2.2. American standard ACI 318-05 . . . . . . . . . . . . . . . . . . 93
5.2.3. Strut and tie model . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.2.4. Tooth model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.2.5. Model based on shear strength of compressive zone . . . . . . . 96
5.2.6. Fracturing Truss Model . . . . . . . . . . . . . . . . . . . . . . . 97
iv
Contents
5.2.7. Calculated shear capacity of TRC-EPC sandwich beams . . . . 97
5.3. Suggested equation for shear capacity of TRC-EPC sandwich beams . . 101
5.4. Bond resistance between the core and TRC layer . . . . . . . . . . . . 103
5.5. Discussion and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.5.1. Shear capacity of beam without shear reinforcement . . . . . . . 105
5.5.2. Bond resistance between the EPC core and TRC layer . . . . . 106
6. An engineering model for the load-deflection response of TRC-EPC sand-
wich beams 107
6.1. General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.2. Calculation according to linear sandwich theory . . . . . . . . . . . . . 107
6.2.1. Assumptions of linear sandwich theory . . . . . . . . . . . . . . 108
6.2.2. Calculation for 3-Point bending test . . . . . . . . . . . . . . . . 109
6.2.3. Constraints of linear sandwich theory . . . . . . . . . . . . . . . 112
6.3. Modifications of linear sandwich theory for TRC-EPC sandwich beams 113
6.3.1. Divided beam elements and load increments . . . . . . . . . . . 113
6.3.2. Bending stiffness of the beams after cracking . . . . . . . . . . . 114
6.3.3. Shear stiffness of the beams after cracking . . . . . . . . . . . . 117
6.3.4. Calculation process for TRC-EPC sandwich beams . . . . . . . 118
6.4. Analysis and choice of the input parameters . . . . . . . . . . . . . . . 120
6.4.1. Load increment ∆F: . . . . . . . . . . . . . . . . . . . . . . . . 120
6.4.2. Length of divided element, ∆L . . . . . . . . . . . . . . . . . . 121
6.5. Calculated results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.5.1. Load capacity and failure mode . . . . . . . . . . . . . . . . . . 122
6.5.2. Load-deflection relationship . . . . . . . . . . . . . . . . . . . . 124
6.6. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7. Conclusion and proposal for further researches 127
7.1. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.2. Proposal for further researches . . . . . . . . . . . . . . . . . . . . . . . 129
A. Appendix 131
A.1. Grain size distributions of TZ 250 and TZ400 . . . . . . . . . . . . . . 131
A.2. Grain size distributions of new and deformed EPS beads . . . . . . . . 131
A.3. Poisson’s ratio of the selected EPC . . . . . . . . . . . . . . . . . . . . 132
B. Notation 133
List of Figures 137
List of Tables 141
Bibliography 143
v
Contents
vi
1. Introduction
1.1. Motivation
Textile Reinforced Concrete (TRC), a new type of concrete has been developed since
the middle 1990s. This novel composite material is a perfect combination of high per-
formance concrete and high tensile strength textile reinforcement in a TRC layer with
a thickness of only few millimeters. As a result, TRC owns advanced properties such
as high strength and high durability that are similar to steel. Due to the suitabil-
ity of the properties for thin layers, it has been successfully applied for strengthening
and repairing of old concrete structures and for lightweight footbridges. Research
works on a promising application field, TRC sandwich, are implemented, in which
TRC is combined with traditional core materials such as polyurethane foam or ex-
truded polystyrene foam. The aim of these researches is a high performance sandwich
structure with remarkable characteristics such as lightweight, high strength, substan-
tial resistance to corrosion and good thermal insulation. Lightweight is also a simple
method to reduce the impact of constructions on the environment. However, it was
only suggested for roof elements with spans of around 5 m due to constraints that orig-
inate from the low strength of the core material. The idea of using another material
with higher strength, Expanded Polystyrene Concrete (EPC) is interesting because of
its potential benefits. EPC is basically formed by replacing a part or a whole of normal
aggregates by Expanded Polystyrene (EPS) so that it can combine the high compres-
sive strength of concrete with the thermal insulation of EPS. In addition, expanded
polystyrene waste can be recycled as filler in EPC. Therefore, sandwich using TRC and
EPC can be an answer for not only developing lightweight structures but also solving
environmental problems.
1.2. Objects and problems
As mentioned above, the target of this thesis is to develop a new type of sandwich
beams using EPC and TRC. First of all, a concept of TRC-EPC sandwich beam needs
to be developed. For sandwich elements, the shear capacity is ensured by the strength
of the core material without using any shear connector devices or bond materials. In
this case, it depends on the strength of EPC in the core. Furthermore, the manufac-
turing process can influence the bond resistance between the layers in sandwich cross
section, as well. Due to the possibility to use EPS waste, the selected EPC for the core
should be a harmony of the strength requirements and environmental benefits.
For this type of sandwich beam, TRC is a perfect material for the face layers. Unlikely
the traditional core materials, the stiffness of EPC is significant in comparison with the
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stiffness of the face layer materials. The shear resistance of the core directly influences
the load capacity and the failure mode of TRC-EPC sandwich beams. Therefore, a
calculation model to predict the shear capacity is necessary.
On the other hand, the cracks developed during loading process have an impact on
the mechanical properties of TRC, which vary along with subjected load. In pre-
vious researches on TRC sandwich elements using thermal material, Finite Element
Method (FEM), thus, was used to model the load response. The traditional calcula-
tion approach based on linear sandwich theory can be applied indirectly with some
modifications. The application of these calculation models for this new type of sand-
wich beam is possible.
For a new type of element, experimental investigations are necessary. The experimental
results are the bases for the definition of load capacity and for developing an engineer-
ing model for the load response of this type of sandwich beams.
The problems to realize TRC-EPC sandwich beams will be gradually dealt along with
following specific objectives:
- Developing a concept of TRC-EPC sandwich beams,
- Study on the possibility of using EPS waste for EPC core,
- Experimental investigation on load capacity of this type of sandwich beam,
- Calculation model to determine the load capacity,
- Developing FEM models for TRC-EPC sandwich beams,
- Proposal of an engineering model to predict the load response.
1.3. Thesis content
The general structure of the thesis is presented in figure 1.1. It will be divided into
seven chapters:
• Chapter 1: Introduction
The motivation of the study on TRC-EPC sandwich beams and the objectives of
this thesis are introduced.
• Chapter 2: State of the art
In this chapter, the state of the art including selected literature related to TRC,
EPC, and sandwich structure are presented. Besides, a concept for TRC-EPC
sandwich is proposed.
• Chapter 3: Experimental investigation
Firstly, material tests on EPC aimed to select a EPC towards to the utilization of
EPS waste. Then, the concept of TRC-EPC sandwich beams will be realized by
manufacturing process of experimental specimens. The results of bending tests
with different shear slenderness (a/d) to observe load responses are implemented
and analysed.
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Stateof the art
TRC EPCSandwich structure
Concept for TRC - EPC sandwich beam
Experimental investigation
Material tests on EPC
Bending tests with
1.5 < a/d < 5.2
Calculation model
FEM models
Engineering model for
TRC-EPC sandwich beams
Prediction of shear capacity
of TRC-EPC sandwich beams
Conclusion and proposal for further researches
Figure 1.1.: Thesis structure
• Chapter 4: FEM models for TRC-EPC sandwich beams
Numerical models based on FEM software are developed. The comparison be-
tween the experimental and calculated results verifies the possible application of
FEM for TRC-EPC sandwich beams.
• Chapter 5: Prediction of the shear capacity of TRC-EPC sandwich beams
The shear capacity of this type of sandwich beam is calculated according to
current standards and calculated approaches. Based on analysis of the calculated
results, the suitable options will be proposed.
• Chapter 6: An engineering model for the load-deflection response of TRC-EPC
sandwich beams
The application of traditional calculation approaches and the necessary modifi-
cations for this kind of sandwich are analyzed and presented.
• Chapter 7: Conclusion and proposal for further researches
The conclusions and suggestions for further research on TRC-EPC sandwich
structure are summarized.
3
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2. State of the art
2.1. Sandwich structures
2.1.1. Introduction
A sandwich element is a combination of many layers with different properties. The
simplest type of sandwich cross section includes two strong and thin face layers, which
are placed far away from each other and connected by a light core layer. As illustrated
in figure 2.1, both the flexural rigidity and strength of the sandwich cross section
significantly increases in comparison with a homogeneous cross section with the same
dimensions. Nevertheless, the weight of the elements unremarkably changes due to
using lightweight material in the core.
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Figure 2.1.: The advantage of sandwich cross sections [173]
The advantage was already discussed by Dulean in 1820 [173]. However, the sandwich
principle was firstly described by Fairbairn in 1849 [6]. In the second World War,
it was applied for the aircraft industry. During the 50’s and 60’s, new types of soft
materials such as polystyrene and polyurethane were used for the core because of their
good insulation properties. The concept “sandwich element” was used the first time
in 1960 when polyurethane was applied for refrigerators. Since 1990, the sandwich
element system was suggested as a good solution for buildings to save heating energy
and apply for slender components [97]. The sandwich principle has been popularly
used in air and space industries so far and extended to other fields such as ship, car
and train industries [44], [45].
The advantages of a sandwich cross section are normally exploited for load bearing
structures under bending load. For instance, shear force and moment in the core and
face layers of sandwich beam in 3-Point bending test will be distributed respectively as
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showed in figure 2.2. Based on the force distribution, the requirement for the properties
of material in each layer can be defined differently.
Shear
Compression
Tension
Fac
ela
yer
Co
re
Fac
e la
yer
P
P/2 P/2
Figure 2.2.: Force distribution in a sandwich beam under bending load
2.1.2. Face layer materials
Due to load bearing requirement, the face layer material should be high tensile and
compressive strength material. Besides, the other interesting properties of the materials
for the face layers are [173]:
- high stiffness creating high bending stiffness,
- impact resistance,
- surface finishing,
- environmental resistance,
- wear resistance.
In civil engineering, steel has been early applied for sandwich element because of its
high stiffness and high strength in both tension and compression. It has been utilized
for the face layers of slabs [139] or roof elements [97]. However, the force distribu-
tion (figure 2.2) indicates that the other materials owning high compressive or tensile
strength can be also applied for the top or the bottom layer respectively.
A high compressive strength material like High Strength Concrete (HSC) is a suitable
option for the top layers. According to the research work of Richard and Cheyrezy
[138], the compressive strength of HSC could reach up to 600 N/mm2 in laboratory
conditions by optimizing the diameter of aggregate, using small ratio of water to ce-
ment, and additional steel fibers. Moreover, with the good abrasion resistance, long
service life, and small thickness, it is a proper choice for the top layer [54], [164].
Currently, a new generation of materials with high tensile strength and lighter density
than normal steel, Fiber Reinforced Polymer (FRP), has been developed. The mechan-
ical properties of FRP laminates depend on the type of fibers (glass, aramid or carbon),
the fiber volume fraction, and the fiber orientation (unidirectional, bidirectional aligned
or randomly orientated) as seen in table 2.1. Glass fiber-reinforced polymer laminates
with tensile strength of 246 N/mm2 was used and glued with modified phenolic core
by epoxy resin byManalo [110], [111]. In studies of Fukuda, carbon fiber-reinforced
polymer was studied and its influencing parameters on shear and flexural capacity of
sandwich using foam core were concerned [60], [61]. To increase both stability and shear
6
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strength, Grenestedt and Reany [63] proposed a corrugated form for compressive
faces as an effective solution. Using FRP profiles with tensile strength in a range of
200 to 400 MPa, Schaumann developed a new type of sandwich element, hybrid FRP
lightweight concrete sandwich system [142].
Another type of product with fibers is textile reinforcement grid. It is originally man-
ufactured by single continuous fibers, which are glued and bundled to form yarns (or
rovings). The tensile strength of the yarns can be more than 3000 N/mm2 [40]. The
yarns are knitted to textile fabrics on specialized textile machines. After the manufac-
turing process, an additional nanometer scale polymer is coated on the surface of textile
grid. The coating is a basis to combine textile reinforcement grid with the fine-grained
concrete to create Textile Reinforced Concrete (TRC) by improving the bond at the
contact surface with the surrounding concrete. Due to compressive strength of fine
HSC up to 200 N/mm2 [152], TRC has both high compressive and tensile strength.
With a few millimeters thickness, TRC has been used to strengthen concrete structures
[26], [52], [82], [127]. It is also exploited to design new lightweight constructions, for
instance, lightweight footbridges [40]. A comparison of the TRC properties with other
face materials are summarized in table 2.1. Furthermore, it owns more advantageous
properties such as environmental resistance and wear resistance. Hence, TRC has been
currently applied for the face layer of sandwich elements in the study of Finzel [58],
Horstmann [77], and Mu¨ller [119].
Table 2.1.: Properties of some face layer materials
Material ρ E fct α’
Unit kg/dm3 GPa N/mm2 10−61/K
Steel [173] 7.8 206 250-500 13
Aluminum 2024 [173] 2.7 73 300 23
Titan alloy [173] 4.5 108 980 9
Pine [173] 0.52 12 47/7 4
Plywood [173] 0.58 12.4 21 -
CFRP (high strength),unidirectional [142] 1.6 150 2500 -
AFRP (low modulus),unidirectional [142] 1.4 40 2100 -
AFRP (high modulus),unidirectional [142] 1.4 70 2100 -
Carbon Textile Reinforcement [39] 1.78 240 4200 0.1
AR-Glass Textile Reinforcement [39] 2.74-2.8 74-80 2500 9.1
Concrete(25/30) [77] 2.5 ≈ 30 2.6 10
TRC, one layer NVMA 3-08-10-b-01 [9] 2.20 80-189 1343* -
*: The tensile strength of the textile yarn
2.1.3. Core materials
In order to exploit the sandwich effect, the core needs to ensure some vital functions.
It must be stiff enough in perpendicular direction to the faces to remain a sustainable
distance between the two faces. Its shear stiffness must ensure that the faces do not
slide. The core needs to be stiff enough to keep the faces stable and to avoid wrinkling
and general buckling under compressive stresses. The critical wrinkling load depends
7
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on both the elastic modulus and shear modulus of the core. Thermal and acoustics
insulation depend on the material and thickness of the core. Hence, the material for
the core should have the following properties [173]:
- low density,
- high shear modulus and shear strength,
- high shear stiffness perpendicular to the faces,
- thermal and acoustic insulation.
The cores of load carrying sandwich elements can be classified into three types (see
figure 2.3).
a.Honeycomb b. Corrugated c. “Solid” (cellular foam, balsa)
Figure 2.3.: Main types of the sandwich core [6]
In aircraft structures, sandwich elements with metallic honeycomb and corrugated core
(Figure 2.3 a,b) are used for load carrying structures due to their high shear stiffness.
The advantages are analyzed in many studies [95], [105], [124], [132], [157]. Because of
the complex form, the types of core were mainly applied for metallic materials. How-
ever, non-metallic materials, for instance, GFRP in corrugated form has been recently
applied in the design of a lightweight bridge [83], [84].
For the homogeneous or “solid” cores (figure 2.3c), balsa wood is primarily used for
load-bearing sandwich structures. Under a microscope, the closed cell structure with
diameters of about 0.05 mm are originated from the arrangement of fibres in its direc-
tion of growth. As a result, its density is in a range of 100- 300 kg/m3. Other artificial
cellular foam materials such as expanded polystyrene (EPS), extruded polystyrene
(XPS), polyurethane (PU) with smaller densities are also used for the core. These
types of core materials do not have as high stiffness and strength to weight ratios as
honeycombs but they offer the outstanding advantage of thermal insulation.
Table 2.2.: Properties of some core materials
Material ρ G fc λ’
Unit kg/m3 MPa N/mm2 W/mK
Balsa wood-96 [173] 96 108 - 5.09
Balsa wood-180 [173] 180 188 - 7.10
Polyurethane foam-40 [173] 40 4 - 2.5
Polystyrene foam-60 [173] 60 20 - 3.5
EPS [79] 15-30 - 0.06-0.2 0.032-0.04
XPS [79] 25-45 - 0.15-0.7 0.003-0.004
PUR [79] 20-100 - 0.15-0.7 0.024-0.03
Thermozell 400 [162] ≈350 - 0.5 0.12
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As seen in table 2.2, the density is proportional to the thermal conductivity. When
thermal conductivity is smaller than 0.1 W/mK, the materials are thermal materials
according to ding DIN 4108. Sandwich elements using these core materials and metal
face layers have a big economical effectiveness due to saving heating cost according to
the analysis of Koschade [97]. They have been considered a combination with TRC
in some research works of Hegger and Horstmann [65], [70], [79]. The experiments
showed that shear failure is unavoidable. Thus, a connector device was suggested to
link the two TRC face layers [69], [78].
In the field of civil construction, lightweight concrete is a potential candidate for “solid”
cores because of its light density and high strength. It was combined with steel face
layers or GFRP to develop lightweight sandwich load carrying elements [139], [143].
Based on the composition and manufacturing process, Lightweight Concrete (LC) could
be divided into four groups as shown in figure 2.4
a. b.
c. d.
Figure 2.4.: The composition of lightweight aggregate concrete (a), lightweight porous con-
crete (b) [158], foam concrete (c) [85], and autoclaved aerated concrete (d)
[167]
(a) Lightweight concrete
Normal aggregates are replaced by lightweight aggregates such as expanded clay, pumice,
tuff, expanded slate, boiler sand [144] to produce lightweight concrete with dry densities
from 800 to 2000 kg/m3 and correlative compressive strength in a range from 8 to 80
MPa [49]. The thermal conductivity of LC could respectively reach up to 0.36 W/mK
[159]. In studies of Schlaich, a new type of LC with the dry density of 760 kg/m3
and thermal conductivity of 0.341 W/mK and compressive strength of 7 MPa and was
introduced and named “Infraleichtbeton” [150], [151]. This kind of concrete was ap-
plied for the wall elements of the building in Pankow, Germany [149]. In researches
of Heinz, special LC with a variation of density and compressive strength along the
height of the cross section or the length of the beam was introduced [72], [73]. It was
used as the core material of TRC sandwich beams in a study of Herrmann [74]. LCs
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with densities from 900 to 1300 kg/m3 were used in a study of Schaumann for the
core of Hybrid FRP-Lightweight Concrete Sandwich slabs in buildings [142]. LC was
suggested for the core layers to create lightweight multi-layer structures using concrete
[36].
(b) Lightweight porous concrete
The pores in the concrete are created as a result of a reduction of fine aggregates and
binder. Only a small amount of binder is used to connect the aggregates with each
other. Lightweight porous concrete has dry densities in the range of 400 - 2000 kg/m3
and correlative compressive strength in the scope of 2- 25 MPa [48].
(c) Foam concrete
The porosity in foam concrete (FC) is created by using foam materials or foam gen-
erators. FC can harden under normal atmospheric conditions. In the review of Ram-
murthy, the density is in a range of 240- 1900 kg/m3 and the compressive strength
is in a range of 0.23- 43 N/mm2 [133]. The porosity in FC using Portland limestone
cement as mortar could reach 94% and the correlated density around 140 kg/m3 but
the compressive strength is very low [4].
Restrengthening the cement paste by utilizing synthetic fibers has a negative influence
on the density of foam concrete because the pore of FC is damaged by the tip of the
steel fibers [29]. However, results of a study using 0.05% carbon nanotubes showed that
a reduction of the density from 330 to 309 kg/m3 and an increase in the compressive
strength from 0.18 to 0.31 MPa were possible [170], [171]. In case of using 0.5% carbon
nanotubes, the increase of the tensile and compressive strength was 36% [100].
The influence of chemical additives was investigated in Just and Middendorfresearch.
The study result is a FC with a density of 930 kg/m3 and a compressive strength of 12
MPa [85]. By using silica fume and polypropylene fiber, Bing et al. created foamed
concrete with density in a range of 1000- 1500 kg/m3 and compressive strength from
20 to 50 MPa [23]. The research results of Kearsley and Wainwright show the
dependence of the compressive strength on the porosity of FC [92], [94]. Experimental
results on mixtures replacing up to 75% cement by fly ash indicated that the porosity
depends on the dry density but not on fly ash content [91], [93].
(d) Autoclaved aerated concrete
Another way to reduce the density of concrete is the use of foaming agents. Depending
on the method to admix the foaming agents in the manufacturing process, the products
are called foam concrete (FC) or autoclaved aerated concrete (AAC). For AAC, the
foaming agents are created by a chemical expanse. Afterward, the mixture is cured in
a steaming apparatus for a few hours [167]. As a result, autoclaved aerated concrete
with a density in a range of 300- 1000 kg/m3 and correlative compressive strength in
a range of 1.5- 10 MPa are formed [47]. This kind of concrete was applied for the
core of sandwich beams with TRC face layers. Nevertheless, the bearing capacity of
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the sandwich beams is limited by the shear capacity of the core [58]. In a research of
Mousa on sandwich panels using CFRP and AAC wrapped by CFRP in laminated
form, thus, makes a shear strength increase about 300% and flexural strength increase
25- 50% compared to the shear strength of the panel before wrapping [122].
2.1.4. Load response of sandwich beam
• The grade of sandwich effectiveness
In order to get the sandwich effect, the core of sandwich beams needs to ensure the
shear transfer the forces between the face layers. Thus, the shear stiffness of the core is
the main parameter influencing the load bearing capacity and failure mode of sandwich
element as it has an impact on the grade of sandwich effectiveness.
g>>0 g=0 g=0
a.Non-composite b. Partially-composite c. Fully-composite
Shear stiffness G > 0 Shear stiffness 0< G < 8 Shear stiffness G = 0
P P P
Figure 2.5.: The grade of sandwich effectiveness in dependence on the core stiffness [156]
The sandwich effect of a three layer sandwich cross section varies with the shear stiffness
of the core material, as illustrated in figure 2.5. The core with low shear stiffness leads
to an uncoupled structural behaviour of the face layers. As a result, the validation of
the Bernoulli hypothesis on sandwich cross section beam is not available. In this case,
sandwich elements should be calculated according to the theory of Timoshenko or
Wo¨lfel [160], [168]. Sandwich elements with higher shear stiffness in the core will
also have a stronger sandwich effect. Depending on the bond resistance between the
core and face layers, the sandwich effect grade of reinforced concrete sandwich element
can be divided into there types “Fully-Composite Action” (FCA), “Partially-Composite
Action” (PCA) and “Non-Composite Action” (NCA) [141], [153]. Usually, for the cores
made of insulation materials such as EPS, XPS or PUR foam, a rigid shear connector
or lattice griders should be used due to the low shear stiffness of these materials.
For sandwich panels with NCA-bearing effect, the slip between the concrete face layers
and the insulating core layer makes the sandwich effect disappear. The bending stiffness
of a NCA panel originates from the core and face layers. As a result, the bending
stresses due to local moment on face layers are noticeable. The deformations of the
element are also significantly greater than its in cases with FCA-bearing effect. In
reality, the response of sandwich element with PCA lies between the two cases.
FCA effect refers to a perfect bond between the core and face layers so that the stress
and strain distribution according to the Bernoulli hypothesis under bending load are
similar to the distribution on a homogeneous cross section. If the core is able to ensure
the FCA, the distribution of normal stress (σ) and shear stress (τ) on sandwich cross
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section are presented in figure 2.6. The stresses are a sum of normal stress and shear
stress caused by the moment (Ms) and the shear force (Qs) (σ(Ms), σ(Qs)) as well as
by local moment and shear force on face layers Mt,b, Qt,b (σ(Mt,b), τ(Qt,b)).
s(M )s s(M )t,b s = s s(M )+ (M )s t,b t(Q )s t(Q )t,b t t= (Q )+ (M )s t,bt
tt
tb
hc
M
Q
Qt
Qb
Mb
Mt
+ = + =Qs Ms
sc=0 tchc
tb
tt
Eb
Et
E ,Gc c
Q
M
z
Figure 2.6.: Stress distribution in sandwich cross section [77]
For sandwich panels with thick and rigid face layers, a simple stress distribution is
presented at the bottom of figure 2.6. The normal stress in face layers seems constant
and its distribution in the core can be ignored. The definition of thin face layers in
sandwich element are given as following:
Langlie [102] t/hc < 1/20 and w < L/200
Zenkert [173] t/hc < 1/(10÷ 50) and Et,b/Ec = 50÷ 100
allen [6] very thin: z/t>100 ; thin: 5.77 < z/d < 100 ; thick: z/t<5.77
• Failure mode and shear capacity
Regarding to its composition, TRC-EPC sandwich elements respond as a flexural com-
ponents without shear reinforcement under bending load. Bending resistance of this
type of sandwich will be enhanced by using high strength material, TRC in tension
and fine HSC in compression respectively. However, shear capacity of beams or one
way slabs without shear reinforcement still remains controversial even for reinforced
concrete. It depends on the shear slenderness (a/d) in which a is the distance from
the load axis to the support axis, and d the effective depth of the beam. The ratio is
an indicator of the governing failure mode. The influence of beam slenderness on the
failure mode is summarized in figure 2.7 by Nawy [123].
(a) a/d<2.5: Shear compressive failure
(b) 2.5≤a/d≤5.5: Diagonal tension failure
(c) a/d>5.5: Flexural failure
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a
d
d
d
a
a
1.5d
P
P
P
L
L
L
(a)
(b)
(c)
Figure 2.7.: Failure mode of reinforced concrete beams as a function of a/d [123]
Schlaich introduced the concept of D and B-regions [148]. D is standing for dis-
continuity or disturbed area associated to nonlinear strain distributions through the
cross section. B refers to beam or Bernoulli area in which a linear strain distribution
can be expected. Typically, the region of direct load transmission extends up to a/d
ratios of approximately 2.5 [7]. For higher ratios (a/d>5.5) the beam mechanism will
be predominated and the shear capacity will be gradually reduced.
Expected failure modes of a sandwich beam in 3-Point bending test are illustrated in
figure 2.8 [35].
b.Bondfailure c. Core shear failure
d. Face wrinkling
a. Indentation
e. Face yielding
P P
P
P
P
Figure 2.8.: Failure modes of the sandwich beams in 3-Point bending test [35]
For sandwich structures using TRC as face layers, the first three types of failure occur
when weak materials are used for the core. For example, in research of Horstmann,
those types of failure appeared in the 4-Point bending sandwich beams using EPS,
PUR, and XPS core with a shear slenderness (a/d) smaller than 5 [77]. The experi-
ments of Finzel with sandwich beams using PUR core indicated that the core shear
failure with the appearance of a shear crack before bond failure between the core and
face layers could take place [58]. In 3-Point bending tests of Jesse with experimen-
tal beams utilizing lightweight EPC core and the same TRC face layers, the influence
of the shear slenderness was observed. Shear failures (figure 2.8 b,c) occurred in the
beams with a/d≤ 6.1 and flexural failure (figure 2.8 e) for a/d≥6.1 [81]. Thus, the
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shear slenderness is also an important factor for the failure mode and the load capacity
of sandwich beams.
The structural behaviour of reinforced concrete beams without stirrups has been stud-
ied for many decades. Nevertheless, there is no calculation model for describing the
mechanical shear resistance of cracked reinforced concrete components without stir-
rups, which can be a reasonable solution to apply in practice. The application of
FEM models is feasible. However, it is hardly possible in reality because developing
a complex non-linear FEM is quite tough and costly. Moreover, the calculated results
are not sufficiently accurate [66]. Thus, simpler approaches should be simultaneously
considered.
Vc
ViR
Vd
VFPZ
Vc
ViR
Vd
VFPZ
C
T
x
z
V
V
Figure 2.9.: Shear resistance components [175]
According to Zink, the shear resistance of cracked concrete beams is basically a com-
bination of four portions as illustrated in figure 2.9. In there:
- Vc: the shear resistance of the compressive zone
- ViR: the shear resistance of the aggregate interlocking
- Vd: the shear resistance of the dowel action of the longitudinal reinforcing bars
crossing the cracks
- VFPZ: the shear resistance of the tensile stresses across the cracks in the fracture
process zone that is close to compressive zone
Although a theory to calculate these single components is available, the contribution
of each component to total shear resistance remains controversial. For example, some
models declare the crack friction to a substantial proportion of the shear resistance,
whereas other opinions supposed that ViR should not be recognized due to large width
and formation of shear cracks.
Current calculation models for the shear capacity of beams without shear reinforcement
can be divided into the following groups: semi-empirical models, strut-and-tie models,
tooth models and fracture mechanics approaches. Meanwhile, codes and standards
such as the EC2 [50], the ACI 318 [2] use semi-empirical models. Nevertheless, they
offer a conservative and minimum shear capacity value, and often do not represent the
real shear capacity due to their generalized forms.
Until now, there is no standard for EPC. Besides, the shear capacity of EPC ele-
ments without shear reinforcement has not been investigated. Therefore, surveying the
available calculation models for normal concrete to find out a possible application for
TRC-EPC sandwich beams should be implemented and will be dealt in chapter 5.
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2.1.5. Linear sandwich theory
The development of the sandwich theory is based on the researches of Reissner [136],
Hoff [75], Timoshenko [160], which are summarized in works of Plantema [131]
and Allen [6]. A decade later, the sandwich theory was concerned in a publication of
Stamm [156] that was little known, because the publication was written in German.
In the middle 1990s, ZENKERT [173] published his study about the sandwich theory
and summarized innovations of materials in this field.
Basic equations of sandwich theory
The basic equations of the calculation approach illustrate the relationship between the
distortion parameters (γ) and the displacements (u, w) as shown in figure 2.10.
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Figure 2.10.: Deflections and deformations of a sandwich beam element [156]
Using material laws, the internal force on the cross section can be calculated with
these parameters. Basic equations for internal force and displacement relationship of a
divided element are defined by the equations from (2.1) to (2.8).
Ms = (Eb · tb · ab − Et · tt · at) · u′ + Bs · γ ′2 Sandwich moment (2.1)
MF = −BF · γ1′ Sum of moment on face layers (2.2)
Qs = Sc · γ Shear force according to Ms (2.3)
QF = −BF · w′′ Shear force of face layers (2.4)
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In there,
B = Bs + BF = Bs + Bt + Bb Total flexural rigidity (2.5)
Bs =
Et · At · Eb · Ab
Et · At + Eb · Ab
· (at + ab)2 Sandwich flexural rigidity (2.6)
At,b = b · tt,b Area of the top and the bottom layer
Sc = Gc ·
b · z2
hc
Shear stiffness of the core (2.7)
Bt,b = Et,b · It,b = Et,b ·
b · tt,b
12
Flexural rigidity of face layers (2.8)
q distributed load
Considering equilibrium conditions on the cross section (in case N=0), moment (M)
and shear force (Q) are the sums of moment and shear force Ms,Qs and Mt,Qt Mb,Qb
M = Ms +MF = Ms +Mt +Mb, (2.9)
Q = Qs +QF = Qs +Qt +Qb. (2.10)
The coupled partial differential equations were obtained by substituting
Sc.γ
′ − BF · wIV = −q, (2.11)
BS · (γ ′′ − w′′′)− Sc · γ = 0. (2.12)
After a single integration with an assumption that Q and M are known
Sc.γ − BF · w′′′ = Q (2.13)
BS · γ ′ − B · w′′ = M (2.14)
For deflection (w), the differential equation of the sixth order is as following:
−Bb + Bt
Sc
· wVI + B
Bs
· wIV = q
Bs
− q
′′
Sc
for statically indeterminate systems (2.15)
By integrating equation (2.15), the decoupled differential equation in the fourth order
is obtained as following.
−Bb + Bt
Sc
· wIV + B
Bs
· w′′ = −M
Bs
− q
Sc
statical determinate System (2.16)
For rotation (γ), the decoupled equations are following:
−Bb + Bt
Sc
· γIV + B
BS
· γ ′′ = −q
′′
Sc
statically indeterminate system, (2.17)
−Bb + Bt
Sc
· γ ′′ + B
BS
· γ = Q
A
statical determinate system. (2.18)
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Calculation approach for 3-Point bending test
Based on the boundary conditions, the obtained arbitrary constants will be defined
after the solution of the differential equations for w and γ. Following equations [156]
to define the internal forces and deformations of a simply beam under a concentrated
load are defined in figure 2.11.
I
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E ;Bt t
E ; Bb b
B , Ss c hc
tt
tb
Cross section
b
Mt
Qt
Mb
Qb
Qs
Ms
Q
M
Figure 2.11.: Calculation model for the sandwich beams under concentrated load
Internal forces:
M = Ms+Mt+Mb (2.19)
Q = Qs+Qt+Qb (2.20)
Mb,t,I= F · L ·
αt,b
1 + α
·
[
(1− ε) · ξ+sinh (λ · (1− ε))
α · λ · sinhλ · sinh (λ · ξ)
]
(2.21)
Mb,t,II= F · L ·
αb,t
1 + α
·
[
ε · (1− ξ)+ sinh (λ · ε)
α · λ · sinhλ · sinh (λ · (1− ξ))
]
(2.22)
Ms,I= F · L ·
1
1 + α
·
[
(1− ε) · ξ − sinh (λ · (1− ε))
λ · sinhλ · sinh (λ · ξ)
]
(2.23)
Ms,II= F · L ·
1
1 + α
·
[
ε · (1− ξ) − sinh (λ · ε)
λ · sinhλ · sinh (λ · (1− ξ))
]
(2.24)
Qb,t,I= F ·
αb,t
1 + α
·
[
1− ε+sinh (λ · (1− ε))
α · sinhλ · cosh (λ · ξ)
]
(2.25)
Qb,t,II= F ·
αb,t
1 + α
·
[
−ε− sinh (λ · ε)
α · sinhλ · cosh (λ · (1− ε))
]
(2.26)
Qs,I= F ·
1
1 + α
·
[
1− ε− sinh (λ · (1− ε))
sinhλ
· cosh (λ · ξ)
]
(2.27)
Qs,II= F ·
1
1 + α
·
[
−ε+ sinh (λ · ε)
sinhλ
· cosh (λ · (1− ε))
]
(2.28)
Deflections:
wI =
F · L3
B
· 1
6
· (1− ε) · ξ · (2 · ε− ε2 − ξ2)
+
F · L3
B
· 1
α · λ2 (1− ε) · ξ −
F · L3
B
· 1
α · λ3 .
sinhλ(1− ε)
sinhλ
· sinhλξ (2.29)
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wII =
F · L3
B
· 1
6
· ε · (1− ξ) · (−ε2 + 2ξ − ξ2)
+
F · L3
B
· 1
α · λ2 · ε · (1− ξ)−
F · L3
B
· 1
αλ3
· sinhλε
sinhλ
· sinhλ (1− ξ) (2.30)
γI =
F · L2
B
· β ·
(
1− ε− sinhλ · (1− ξ)
sinhλ
· cosh (λ · ξ)
)
(2.31)
γII =
F · L2
B
· β ·
(
−ε+ sinhλ · ε
sinhλ
· cosh (λ · (1− ξ))
)
(2.32)
In there, index I is valid for 0 ≤ ξ ≤ ǫ and index II is valid for ǫ ≤ ξ ≤ 1. The other
symbols are following
ε =
e
L
, ξ =
x
L
, λ =
√
1 + α
α · β , αt =
Bt
Bs
, αb =
Bb
Bs
, α = αt + αb β =
Bs
Sc · L2
The deformations of sandwich elements with thin face layers can be rewritten to illus-
trate individual effects originated from flexural moment and shear force, for example,
with the deflections in area I (see figure 2.11)
wI= wM+wQ (2.33)
wI,M=
F·L3
B
·1
6
· (1− ε) ·ξ· (2·ε− ε2 − ξ2) (2.34)
wI,Q =
F·L3
B
· 1
α·λ2 (1− ε) ·ξ (2.35)
The above equations show the strong effect of the parameter λ on the load response
of sandwich beams. In this case, the flexural rigidity of the face layers are very small
(α closes to zero), λ will not depend on the shear stiffness and will be close to infinity.
The deflection caused by shear force (wI,Q) can be ignored. For TRC-EPC sandwich
beams, the bending and shear stiffness of the EPC core are remarkable. As a result, the
beam deflections are indirectly influenced by β and α. The impact will be considered
in chapter 6.
2.2. Expanded polystyrene concrete
2.2.1. Introduction
Expanded polystyrene (EPS) is a lightweight cellular plastic material consisting of
fine spherical shaped particles with 98% air and 2% polystyrene. It is expanded from
polystyrene, a thermoplastic polymeric material initially in solid form using steam and
expansive agents. Due to the closed cell structure, it is extremely light with density in
the range of 10- 20 kg/m3. It has a good sound, thermal insulation and good impact
resistance. With those advanced properties, it is often used in packaging industry
and for thermal insulation for constructions. However, polystyrene foam is a non-
biodegradable material. Hence, aiming at recycling, it was considered to utilize as a
filling material. EPS is hydrophobic so its surface needs to be treated by some bonding
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additives [134], for example epoxy resin [13], [15], [34], [130].
The same as LC, the EPS aggregates in EPC are much softer than the cementitious
matrix, while in normal concrete (NC) the stiffness of the aggregates is usually higher
or in the same range as that of the matrix. That is the reason for the differences of the
principle stress trajectories in NC and EPC (figure 2.12).
EPSbeads
EPC (LC)NC
Aggregate
EPC ( LC)NC
Matrix
(lightweight aggregate)
Figure 2.12.: Main components (on the left) and compressive stress flow [53] (on the right)
for EPC and NC
EPS aggregates were added with different volumes in the concrete, mortar or in the
cement paste to create expanded polystyrene concrete (EPC) with different densities
respectively. As a result, EPC has both the good thermal conductivity of EPS and
higher strength that originated from the advantages of concrete and EPS. The coeffi-
cient of thermal conductivity is directly proportional to the density of EPC (figure 2.13).
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Figure 2.13.: Thermal conductivity versus density of EPC [162]
EPC was studied for lightweight infill or a core of reinforced concrete sandwich beams
in researches of EI-Barbary and Parton [128], [129], [154] or for panels in the
study of Tonyan [161]. It could be used for lightweight hollow bricks or blocks in
buildings [99], [107], [169]; for floating constructions [16], a sub-base for railway track
bed; or an energy absorbing material for buried military constructions [11], [130]. The
applicability of EPC strongly depends on its compressive strength and density. Thus,
in the next section the effects of these parameters will be discussed.
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2.2.2. Parameters influencing the compressive strength
EPC is produced by using expanded polystyrene beads to replace all or a part of
aggregates in concrete. Therefore, the strength of EPC directly depends on the admixed
EPS beads including volume ratio and the size of EPS. In EPS matrix beads, a volume
of voids always exists among the beads. If the volume is fully filled by mortar, more
mortar webs among the EPS beads will be formed as see in figure 2.14. Along with this
process, the strength will increase but the density and correlated thermal conductivity
will undesirably increase, as well. As a result, EPS is gradually changed from a thermal
material to a load-bearing material, EPC.
EPSbeads Concrete webs
Figure 2.14.: The micro structure of EPC [118]
The thickness and strength of the concrete webs are the basis for the EPC strength. If
the volume of the voids in EPS beads is not fully filled or the webs are too thin, the
strength of EPC will be low. By using cement paste, Laukaitis was able to reduce
the densities up to 150- 170 kg/m3 with a compressive strength in a range of 0.25- 0.28
N/mm2 and thermal conductivity coefficient from 0.06 to 0.064 W/mK [103]. The
thickness of the concrete webs indirectly depends on the volume and size of EPS beads
in EPC. The effects of these parameters and the strength of original concrete are in
turn analyzed.
EPS volume
Porosity in EPC vigorously depends on EPS volume so the content of EPS determines
the designed density of EPC. All researches of Perry [130], Bastgen [17], Babu
[10], Miled [118] concluded that the porosity decreases inversely with the increase of
density. In some researches, summaries of their results (figure 2.15a) showed that the
density-porosity relationship is linear and the density of EPC depends on the density
of EPS as well as matrix mortar. The compressive strength gradually reduces as its
density diminishes (see figure 2.15b).
The experimental results of Kuhail indicated that the density of fresh EPC can be
higher than designed density. The porosity in reality is less than designed porosity. It
was explained by the compression of the EPS beads due to the mixing and compacting
process [10], [99]. In theory, if the mortar fully fills the porosity of EPS, the strength
of EPC will be formed with the minimum density. A study of Miled on modeling the
relationship between density and porosity concluded that the maximum EPS volume
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Figure 2.15.: The dependence of compressive strength and porosity on the density of EPC
fraction in EPC can reach up to 74% [115], [116]. Simultaneously, he proposed a model
to estimate the relationship between porosity (p) and compressive strength of EPC in
dependence on the width of EPC fracture process zone [117]:
σ (p, φ)
σmatrix
=
{
g0 (p) if βm ≤ 1,
g∞ (p) + (βm)
−1/3 (g0 (p)− g∞ (p)) if βm ≥ 1,
(2.36)
with
g0 =
0.45
(
1− p
pmax
)
0.45 +
p
pmax
g
∞
(p) =
(
1− p
pmax
)
2
(
1 + 58.14
p
pmax
)
βm =
(
φ
lc
)(
p
pmax
− 1
)(
5
3
(
p
pmax
)2
− p
pmax
− 1
)
,
(pmax = 0.74)
The meaning of the symbols in the equations are explained respectively:
- lc: the characteristic material length of EPC, is equal to three times the maximum
size of maximum aggregate in the mixture (lm). The maximum size of sand in
the study of Miled is 0.25 mm so lm=0.75 mm.
- σ (p, φ): the compressive strength of EPC with porosity p and bead size φ
- σmatrix: the compressive strength of the original concrete before adding EPS beads
In practice, EPS volume fraction in EPC could reach up to approximately 60% in study
of Bastgen using EPS beads with the porosity of 34% [17].
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The form and size of the EPS beads
The experiments of Babu with different concrete densities (1050, 1430 and 1820
kg/m3) indicated that the 28-day compressive strength of EPC using smaller EPS
bead size (2, 3.6, 4.75 mm) are higher than of EPC with bigger EPS beads (6, 3, 8
mm) [11]. For instance, EPC with a density around 1050 kg/m3 and a compressive
strength at 28 days old is respectively 27 % higher than the EPC with smaller beads
size. Another research on the influence of three types of size EPS beads (1 mm, 2.5 mm
and 6 mm) with porosity from 10 to 50 %, Miled found the same conclusion [117].
This is in accordance with the results of LeRoy using EPS beads 1, 3 and 6 mm.
Furthermore, the compressive strength decreases very rapidly meanwhile the porosity
of EPC increases. This effect is significant with porosities smaller than 50 % but for a
range of 60- 74 % the effect is negligible [106].
Furthermore, the dimension of compressive specimen size (D) depends on EPS bead
size (φ). Test results on compressive specimen size (D) using mono-size EPS beads
with a ratio
(
D
φ
≥ 44
)
are not affected by volume size effect [117].
The compressive strength of the original concrete
Aiming at increasing the compressive strength of the concrete, silica fume is the most
important factor. Its size ranges from 0.1-0.3 µm and it is 100 times smaller than
Portland cement grains so it is able to fill out the space between the cements grains.
In mixtures of HSC, its content is about 10% [30].
For EPC, a study of Chen showed that using silica fume instead of bonding additives
can improve the dispersion of EPS beads in the matrix and the inter-facial bonding
strength [33]. Moreover, the compressive strength of EPC is able to increase 15% in
case of adding more 10% silica fume [12], [13]. Thus, silica fume is the essential factor
to increase compressive strength of EPC.
In the research of Miled, a special mixture using a high percentage of silica fume
(Si/C=30%) and a small water-cement ratio (w/c = 0.26) was tested. The experi-
mental results showed that the porous inter-facial transition zone classically observed
between cement paste and aggregates will be practically non-existent (see figure 2.14).
The strength of EPC originates from the concrete webs which were clearly formed [118].
Hence, the compressive strength of EPC will increase with the strength of the original
concrete (σmatrix) as presented in equation (2.36).
2.2.3. Environmental benefits of EPC
For EPC, polystyrene foam could be recycled. Waste expanded polystyrene was uti-
lized as filler of thermal-insulating foam cement composite with densities in a range of
150- 170 kg/m3, thermal conductivity coefficient 0.06- 0.064 W/mK and compressive
strength 0.25- 0.28 N/mm2 [103]. In research works of Kan&Demirboga, EPCs with
a density of about 900- 1700 kg/m3 and 28-day compressive strengths ranging from
12.58 MPa to 23.34 MPa can be produced by using aggregate EPS waste [86], [87].
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Moreover, materials originated from industrial waste like fly ash and silica fume can
also be reused as cementitious material or cement replacement. In a research of Babu,
experimental results of the mixture using fly ash to replace 50 % cement showed that
there was no segregation without adding bonding additives [10]. Moreover, both of
chemical and corrosion resistance were also significantly improved. The chloride per-
meability of the EPC using fly ash is 50- 65 % lower than normal concretes having
similar water cement ratio and raised with increasing density [14]. These researches
showed the possibility to improve or remain the properties of EPC despite of using less
cement.
The environmental impact can be estimated by the amount of required cement for one
cubic meter concrete because it is visually proportional to its impact on the environ-
ment. With the same original concrete, the amount cement will be reduced indirectly
by additional porous volume. As a result, the density of the concrete is gradually re-
duced. For EPC, the lower limit of porous volume is restricted by the porosity of EPS
that researchers have investigated. In a study of Bastgen, EPS beads with a porosity
of 34 % can be used for EPC with a dry density of 601 kg/m3 correlated porosity of 60
% and a compressive strength of 4.1 N/mm2 [17]. Using EPS beads with a porosity of
39.8 %, Perry had created concrete with a dry density of 835 kg/m3 and a compres-
sive strength of 4.0 N/mm2[130]. However, the amount of cement is only 350 kg/m3,
and less than 486 kg/m3 as in a study of Bastgen. Thus, material properties such as
low density and cement amount, and the possibility of using recycle EPS are visually
environmental benefits of EPC.
2.3. Textile reinforced concrete
2.3.1. Introduction
Textile reinforced concrete has been developed by two projects SFB528 at the Technical
University Dresden (TU Dresden) and SFB532 at the RWTH Aachen since the middle
1990s. It is a combination of the fabric textile fibres and a fine concrete.
Textile reinforcement originates from filaments that are formed by many single fibres.
Currently, carbon or alkaline resistant (AR) glass fibres are used. Carbon is a resistant
material to alkaline corrosion in the concrete matrix. Meanwhile glass is not resistant,
the melt glass is added certain percentages of zirconium during the production process.
The diameter of a single AR-glass fibre is in a range from 14 µm to 28 µm but a carbon
filament is thinner with a diameter of about 7 µm. Several hundreds or even thousand
of single parallel filaments are tied up in bundle to form yarns with diameters from 0.5
to 1.5 mm. The yarn area is normally defined by tex, 1 tex = 1 g/1000 m. For example,
a yarn with a fineness of 800 tex and a density of 1.8 g/cm3 has an area 800 tex / 1.8
g/cm3 ·103 = 0.44mm2. Currently, yarns consisting of 50,000 filaments and a correlative
fineness of 3300 tex are called heavy-tow yarns [9]. Carbon or glass yarns will be knitted
on specialized textile machines forming fabrics textile grids [64]. After that, they will
be coated by a nanometer-scale polymer layer made of styrene butadiene. The coating
layer improves the bond between the inner and outer filaments on the surface of the
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yarn, so all filaments can be activated for the load transfer between the yarns and
the fine concrete [112]. Moreover, it improves the tensile strength, stiffness of textile
reinforcement and also helps to fix the position of yarns in the textile grid. Numbers
and areas of yarns in each direction can be modified according to user requirements.
The finished product, textile reinforcement grids have typical width of 1.25 m and
length of around 100 m. They are rolled up till a weight of 40- 70 kg.
Figure 2.16.: Composition of glass TRC [40]
For the matrix, a special fine concrete was developed at the Technical University Dres-
den for strengthening and repairing of old concrete structures. The maximum diameter
of aggregates in the mixture is only one millimeter to combine with the open geom-
etry of textile grid and to gain a perfect bond between the textile yarns and the fine
concrete. Thus, TRC owns a small thickness. The component of some mixtures are
summarized in table 2.3.
Mix components Unit M1 M2 M3
Sand (0-1 mm) kg/m3 942.0 1122.4 1122.4
CEM I 32.5 kg/m3 - 564.8 -
CEM III/B 32.5 kg/m3 628.0 - 468.4
Silica fume kg/m3 100.5 56.6 56.6
Fly ash kg/m3 265.6 253.1 253.1
Water l/m3 214.6 221.5 221.5
Super-plasticizers FM30, BASF l/m3 10.5 12.0 -
Compressive strength N/mm2 76 65 54
Bending tensile strength N/mm2 7.1 8.7 9.5
Elastic modulus N/mm2 28500 25600 -
Density kg/dm3 2.17
Table 2.3.: Mix components and material properties of fine concretes using for TRC [82]
Due to the small aggregate, compressive strength, tensile strength and Young modulus
are determined on 4×4×16 cm prismatic specimens according to the German standards
for mortar (DIN EN 1015-11:2007-05 T2 and DIN 1048-5). However, complying with
the value of compressive strength, these concretes are high strength concretes. The
mixture M2 was developed and produced as a dry commercial mixture which is named
Pagel-TF10.
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The basic composition of TRC is presented in figure 2.16. TRC consists of many textile
grid layers, which are placed within a few millimeters concrete layers. A suitable pro-
ducing process for fine concrete layer will be accordingly chosen by specific applications.
At present, TRC is normally executed by spraying or laminating.
2.3.2. Material properties of TRC
2.3.2.1. General load response
The experimental results of an axial tensile test on a specimen with 500 mm × 100
mm × 8 mm (height × width × thickness) are presented in figure 2.17.
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Figure 2.17.: An example for stress-strain diagram of TRC [82]
In general, a load response of the TRC is idealized in four following stages:
- Stage I: The concrete is not cracked and the load behaviour depends on the
elastic stiffness of the concrete.
- Stage IIa: The second state starts as tensile stress exceeds the tensile strength
of the fine concrete. Cracks form until the distance between the cracks is so small
that the bond between the textile reinforcement and surrounding concrete does
not exist any more.
- Stage IIb: When no new crack forms, state IIb begins. Load increases with the
increment of the strain of reinforcement and the crack width.
- Failure stage: At the end of strain-stress curve, a sudden failure occurs accord-
ing to the type of textile reinforcement.
2.3.2.2. Durability and life-span
The durability and life-span of TRC for strengthening construction are defined by some
requirements, such as:
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- The resistance of textile materials in alkaline environment. The corrosion resis-
tance of textile yarns, the resistance and the protection capacity of the coating
layer on the surface of the yarns need to be considered.
- The resistance of fine concrete against environmental impact.
- The durability of the bond between the fine concrete and yarns with and without
the coating layer on textile yarn.
The bond between the fine concrete and the textile yarns were researched in an exper-
imental investigation of Mechtcherine [113]. The experimental samples had exper-
imentally undergone by one year accelerated-aging machine which accordingly repre-
sented 35 to 40 years in the weather condition of middle Europe. The results on pure
tension specimens showed that the mechanical performance was nearly unchanged for
the matrix using meta-kaolin and fly ash as pozzolans.
2.3.2.3. The long-term properties
For glass materials, the difference between short time and long time responses is re-
markable [56]. Due to the development of micro-cracks, the long time strength of
AR-Glass reinforcements reaches only 50 % of the short time strength. However, the
reduction of the strength of AR-Glass yarns has not been determined yet. For carbon
yarn, the difference is not significant. Currently, carbon textile is used for ongoing
research works on dynamic load response of TRC sandwich elements [57]. The effect
of the cyclic load on beams strengthened against shear load by carbon TRC has been
carried out at TU Dresden [27].
2.3.2.4. Fire resistance
In order to investigate the fire resistance, textile reinforcement beams were partly
burned in the tension zone and tested afterward. The beams failed after 75 minutes
using Carbon and after 44 minutes using AR-Glass. The resistance class are respec-
tively F60 and F30 [98] according to German standard.
The magnitude of temperature also effects the strength of TRC. The strength of AR-
Glass and Carbon textile reinforcement components are dismissed as the temperature
exceeds 400 ◦C [172]. The impact of temperature is also depended on the magnitude
of designed load. The durable time of beams loaded with 66 % of the designed load is
60 minutes for both types of textile. Beams loaded at 125 % of the designed load is 45
minutes for AR-Glass and 70 minutes for carbon textile. The failure of beams using
AR-Glass textile is ductile and using carbon textile is brittle [52].
Summary for properties of TRC
The main material properties of TRC are summarized in table 2.4. With these ad-
vanced properties, TRC has a great potential application in constructions that will be
reviewed in next section.
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Properties Unit AR-Glass Carbon
Reinforcement grade % 1-5(10)
Cracked stress N/mm2 4-6
Crack distance mm 2-20
Compressive strength N/mm2 50-70
Tensile strength (concrete) N/mm2 up to 40 up to 80
Tensile strength (textile) N/mm2 1000 2500
Ultimate strain h 15-20 10-15
Resistance fire class [98] - F30 F60
Table 2.4.: Material properties of TRC [39]
2.3.3. Application of TRC in construction
2.3.3.1. Strengthening of old concrete structures
Investigations on TRC for strengthening and repairing of old concrete structure have
been researched at the Institute of Concrete Structures, Technical University Dresden.
In order to apply TRC in practice, the researches on strengthening against bending,
shear, and torsion were explored.
Bending strengthening
TRC is mainly applied for the strengthening tensile zone of flexural components such as
beams or slabs. The weight of the strengthening TRC layer is not remarkable because
of its small thickness. For instance, the thickness of one layer textile reinforcement
is approximately three millimeters. The total thickness of the TRC strengthening
depends on the number of necessary textile layers. The potentiality of strengthening
was impressively demonstrated in many experiments [28], [59], [109], [146], [166].
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Figure 2.18.: Effect of strengthening against bending load [41]
For example, the effectiveness of using TRC to strengthen a simple beam with a span
of 1.60 m (0.60 m in width, 1.8 m in length and 0.1 m in height), the load capacity
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after strengthening increased up to 299% (figure 2.18). Moreover, the bending stiffness
of the slab was significantly improved. This is very meaningful for the serviceability of
strengthened elements .
Shear strengthening
For strengthening against shear forces, textile grids with yarns inclined ±45 ◦ to the
members of the main axis is used for strengthening. Hereby, the direction of the
principal stresses in the beam web is considered and the textile yarns may follow the
inclined tension forces. Textile fabric grid with 1200 tex AR-glass yarns with an angel
of ±45 ◦ between the yarns and the longitudinal of beam is illustrated in the left of
figure 2.19. Reinforced concrete beams (length: 4.9 m, height: 30 cm, thickness: 15
cm) using two longitudinal steel bars φ28 mm were strengthened against shear load.
The test results in figure 2.19 show the load capacity increases of 43 % and of 74 % for
cases of two layers and three layers of textile grid respectively [25], [26].
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Figure 2.19.: Effect of shear strengthening [25]
Column strengthening
Applications of TRC for the strengthening of reinforced concrete columns was imple-
mented in experiments of Ortlepp. The effectiveness of using textiles with heavy-tow
carbon yarns to strengthen columns with a height of 2.0 m and a diameter of 30 cm is il-
lustrated in figure 2.20. The compressive test in the 10-MN testing machine shows that
the load capacity of columns increases 77 % in comparison with the un-strengthened
columns [125], [127]. For the columns strengthened with 5 TRC layers, the failure oc-
curred at the ends of the columns. The failure appeared at the middle of the columns
strengthened with 7 TRC layers.
The failure of strengthened columns is very ductile. The application of TRC leads
to smaller crack widths and small distances between the cracks. The cracks are well
distributed along with the circumference and the height of columns. Besides, the effect
of different cross sections and calculation models for the load capacity of strengthened
columns were investigated [126].
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Torsion strengthening
Some structural elements such as edge beams, masts or towers may be influenced by
torsion load under non-uniformly load. Therefore, the strengthening against torsion
using TRC was elaborated by theoretical researches and experiments. The experimental
torsion moment of reinforced concrete beams (RC) and strengthened RC beams using
a carbon TRC are figured out in figure 2.21. The length and diameter of tested circular
beams are respectively 2.05 m and 0.3 m. Not only the torsional resistance increases
significantly (up to 348 %) but the twist angels of the strengthened RC beams are also
smaller in comparison with the RC beam at the same load level as well [145].
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Figure 2.21.: Experimental results of strengthening against torsion [41]
Strengthening with TRC in practice
Based on the above mentioned theoretical research, TRC was firstly applied in reality
to renovate the hypar-shell of FH Schweinfurt, Germany in 2006 [38]. Three carbon
TRC layers were used to strengthen a 8 cm normal reinforced concrete structure.
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Figure 2.22.: Strengthening hypar-shell of FH Schweinfurt, Germany [38]
TRC was also utilized for reconstructions of other old reinforced concrete structures, for
example, the old engineer’s school of Zwickau was built in 1903. The barrel-shaped
roof was a monolithic combination of the 8 cm reinforced concrete slab including a rect-
angular open window with eleven corrugated beams. In order to ensure an unchanged
geometry of the shell and a high quality of the maintaining works, TRC was chosen
to restrengthen. Notably, none of the other conventional methods could fulfill all the
requirements. Firstly, the damaged concrete cover was removed, the surface of the old
concrete was roughened by sandblasting. The surface was wetted before the executing
of five carbon TRC layers with a thickness of 1.5 cm [108], [147]. An ongoing project
using TRC for the rehabilitation of waste water channel has been carried out [43].
Figure 2.23.: Reconstructing the Zwickau School of Engineering, Germany [41]
2.3.3.2. Developing lightweight structures
TRC has been utilized for not only strengthening but also the development of new
lightweight structures. Remarkable applications are two segmental bridges which were
built under the leadership of the Institute of Concrete Structures, TU Dresden. The
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first TRC bridge in the world was built for the National Garden Festival over the
Doellnitz creek in Oschatz, Saxony, Germany in 2006. With a span of 8.6 m and
the weight of only approximately 5 tons, it won the prize “Special Encouragement
Award” of the International Federation for Structural Concrete (FIB) in 2006 and
“The Innovation Award of the concrete components supply industry” in 2007. The
second TRC pedestrian and cycle bridge were built in Kempten, Allgaeu, Germany.
As can be seen in figure 2.24, it consisted of 18 U-shaped segments and was assembled
together by prestressed cables. With a length of 17 m, the bridge weight was only 12.5
ton. The thickness of the precast elements is partly only 3 cm [37], [42].
Figure 2.24.: TRC segmental footbridge: before assemblage and in use [41]
In 2010, another TRC foot bridge was established in Albstadt, Lautlingen, Germany
(figure 2.25). The bridge with a total length of 97 m was subdivided into six prefab-
ricated parts. The biggest element has a length of 17.2 m, a span of 15 m (L), and
a height of only 0.43 m. Hence, it is an extreme slender bridge construction with a
slenderness L/H = 35. The statical calculation was done by the Institute of Concrete
Structures, RWTH Aachen [67].
Figure 2.25.: The extreme slender TRC footbridge [67]
2.3.3.3. TRC sandwich elements
Sandwich element is another promising field of TRC applications. In 2005, Jesse sug-
gested a sandwich element as a combination of TRC face layers and thermal mortar
core. 3-point bending tests were carried out to observe load capacity and failure mode
for this type of sandwich beam [81].
Then, expanded polystyrene (EPS), extruded polystyrene (XPS) and polyurethane
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(PUR) were also adopted for the core because of their special advantages such as low
density and thermal conductivity in researches of Hegger and his colleagues at RWTH
Aachen. Experimental results on bending tests showed that the influence of the bond
between the layers on the flexural stiffness and load capacity of these types of TRC
sandwich. A suggested solution is to develop connected devices in order to improve the
bond resistance. At the beginning, steel reinforcement was used as shear connection
between two TRC facing layers [79]. Then, two different types of non-metal connectors
including pin-connectors made of glass fiber reinforced polymer and carbon textile grid
were utilized [65], [69], [70], [71].
In another research of Mu¨ller, TRC and Ultra High Performance Concrete (UHPC)
were applied for the face layers of sandwich element. Extruded polystyrene foam (XPS)
with a density in a range of 32- 45 kg/m3 was used for the core. The bond between
the core and face layers was consolidated by using epoxy resin [96], [119], [121], [120].
Polyurethane foam core with a density in a range of 80- 200 kg/m3 was combined with
TRC layer for sandwich panels. It is an ongoing study of Finzel about the impact
of quasi-static and dynamic loading on this type of sandwich. The bond between the
core and the face layers is ensured by epoxy resin [57], [58].
In practise, sandwich panels using TRC faces and thermal insulation cores were inves-
tigated and applied for the building in a frame of project SFB 532 of the Institute of
Concrete Structures at the RWTH Aachen [69], [78], [79]. A model house with the
dimension of 4.0×5.0 m assembled by 12 wall and 4 roof panels with a basic width of
1.0 m was built as illustrated on the right of figure 2.26.
Figure 2.26.: Applications of TRC for wall panels (on the left) and small scale house (on
the right) [77]
2.4. Concept of TRC-EPC sandwich beam
2.4.1. The environmental impacts of constructions
Buildings through their construction and demolition consume approximately 50% of the
total energy consumption in the members states of the European Union and contribut-
edly release almost 50% of CO2 emissions in the atmosphere, which are responsible for
the greenhouse effect. The main construction activities in 27 countries of the European
Union were distributed as follows: 27% in the domestic sector, 30% in the non-domestic
sector, 20% in infrastructure works and 23% in renovation and conservation works [31],
in 2006.
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However, in order to limit global warming to 2 ◦C according to the international agree-
ment in Kyoto in 2012, the European Union agreed upon climate targets to decrease
the emissions of green house gases by 20% by 2020 and 50% by 2050 compared with
the 1990 level [51]. Thus, environmental impact has currently become a vital criterion
in the design and constructions of buildings.
Through a careful selection of low environmental impact materials and design solu-
tions, it is possible to reduce the CO2 emissions up to 30% in the construction of a
practical case study in Spain [62], even diminishing up to 50% of the total contribution
to climate change in Sweden [163].
On the other hand, the role of different construction materials is quantified in terms
of the embodied energy and the equivalent of CO2 and SO2 emissions in contempo-
rary office buildings. In a research of Dimoudia, the embodied energy of concrete
and reinforcement steel represent the largest components. The chosen materials for
constructing buildings influence the required energy of constructions. For instance, the
contemporary materials like aluminum have more intensive energy and higher amounts
of emissions. Thus, reinforced concrete has been more suitable in constructions so far
since the main amount of equivalent CO2 and SO2 of the entire building came from
the material [46].
A research of Asif on the environmental effect of the different building materials in a
typical semi detached three-bedroom house in Scotland showed that concrete, timber
and ceramic tiles are the three major energy intensive materials used in the buildings.
The concrete alone consumes about 65 % of the total embodied energy of the house. It
was also proved that concrete and mortar were responsible for 99 % of the total CO2
of all building constructions [8].
For reinforced concrete, in order to decrease the environmental effects of concrete, some
possible solutions can be valid:
- Using new binders and additions, which originated from industrial products,
- Application of UHPC can reduce the total amount of required concrete for the
construction,
- Developing concrete utilizing recycled material or industrial by-products as re-
placement of aggregates,
- Utilizing materials or process to capture CO2, such as: vegetable aggregates,
accelerated carbonation, materials enable to capture CO2,
- Recycling of concrete products,
- Improving thermal properties (thermal mass and conductivity) of concrete should
be considered to reduce its energy consumption during the life time.
Originally, a design solution for concrete element towards protecting the environment
and developing lightweight constructions from concrete is an indirect method to save
materials by using multi-layer composite elements. Two thin high strength layers are
suggested for face layers and a lightweight concrete is suggested for the core layer
to develop a new type of lightweight concrete structures [36]. Lightweight EPC is a
potential candidate for the core layer because it is not only light but it also has a
low thermal conductivity and a reduced environmental impact as well. In comparison
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with wood and cork concrete that have negative CO2 emissions (-1039 kg eq CO2/ton),
EPC has positive CO2 emissions (3210 kg eq CO2/ton) [104]. However, EPC is a
comparable solution because EPS waste can be recycled. Moreover, the density of
EPC is proportional to its thermal conductivity. Therefore, a combination of both
required properties: lightweight and thermal insulation is possible.
2.4.2. Developing concept of TRC-EPC sandwich beam
As analysed above, a new type of sandwich using TRC and EPC is very promising.
Some expected benefits are visualized in figure 2.27. It is shown that the lightweight
and high load bearing capacity are the benefits which originate from the advantages
of sandwich structure. The high capacity is determined by the high strength of TRC
both in compression and in tension. The durability depends on the long-term properties
of TRC. Besides comparable properties, the fire resistance and the possible life-span
of TRC constructions up to 40 years are remarkable advantages. The good thermal
acoustic insulation and lightweight properties of EPC are the necessary supplement to
form an innovative lightweight sandwich beam. As analysed in the previous section,
the lighter structure means the less negative impact on the environment. Furthermore,
a sandwich element with EPC is more environmental-friendly because the EPS waste,
a non-biodegradable material, can be utilized for EPC.
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acoustic
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Environment -
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Figure 2.27.: Main expected benefits of TRC-EPC sandwich elements
In order to ensure a perfect bond with face layers, especially with the tensile layer,
the tensile strength of EPC core is one of determinant parameters, which properly
depends on the compressive strength. Another way to improve the contact condition
between the layers is to use of the same fine mortar for EPC and TRC. As a result, the
homogeneity of the cross section will be enhanced so a durable bond between the layers
can be achieved without using special bond materials. It is the outstanding advantage
in comparison with the other types of sandwich elements using bond materials that are
sensitive for high temperatures. For example, using epoxy resin leads to a loss of the
load bearing capacity of the sandwich structure during fire.
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A.RC Cross section B. TRC-EPC Sandwich
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Figure 2.28.: Designed solutions for cross section of simple beams
Two solutions to design the cross section of simple beams are visualized in figure
2.28. With the assumption that the density of normal concrete and fine high strength
concrete are equal to each other, the height and original weight of two sections are
similar but the supplements of EPS beads and textile reinforcement (TR) reduce the
weight significantly. The magnitude of redundancy mainly depends on the density of
the EPC in the core. For instance, the weight reduced 50% by using EPC with a
porosity of 50 %. It is completely possible, because the theoretical maximum porosity
reaches up to 74 %. The other desired parameters such as the level of load capacity,
thermal insulation and environmental-friendliness can be indirectly estimated through
the density. Thus, the density should be chosen as the representative factor of EPC
and the advantages of TRC-EPC sandwich beams.
Framework Laminate TRC Hand-compact EPC Laminate fine HSC
Figure 2.29.: The proposed manufacturing process for TRC-EPC beams
According to mechanical properties, there are three types of materials in the cross
section. Hence, each layer should be built separately from the bottom up to the top as
presented in figure 2.29. TRC layer can be implemented by the laminating or spraying
methods. The distance between the textile grid and the thickness of concrete cover are
ensured by using DisTEX, a spacer system to locate dimension of TRC [165]. For EPC
core, it should be compacted without vibration to avoid segregation of EPS beads.
At the end, the fine HSC layer is easily laminated. During construction process, the
thickness of each layer can be visually monitored through the height of framework.
2.5. Summary and research questions
Sandwich structure has been a traditional and well-known structure. The appearance
of a novel material, TRC, formed a new type of sandwich elements using TRC. In
which, TRC-EPC sandwich is a promising suggestion as above analysis. However, a
research on TRC-EPC sandwich beams has not been carried out yet.
In order to realize the ideality of this kind of sandwich beam, the manufacturing and
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estimation of the load capacity are the first steps which need to be implemented. It
will be gradually dealt along with necessary issues in the next chapters:
- Development and selection a suitable EPC,
- Experiments on TRC-EPC sandwich beams,
- Prediction of the shear capacity of TRC-EPC sandwich beams,
- Modeling load response of TRC-EPC sandwich beams.
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3.1. General
In this chapter, the concept of TRC-EPC sandwich beam will be realized. At first,
developing EPC towards utilizing waste EPS beads will be presented. An EPC is
selected to manufacture experimental TRC-EPC sandwich beams for bending tests
with different shear span to depth ratios (a/d). Experimental results are the bases
for estimating of the shear capacity of this type of sandwich beams and to develop a
suitable model for the load-deflection response in next chapters.
3.2. Experiments on EPC
EPS beads mixture has been used as aggregate of commercial thermal mortar. Basi-
cally, the grain size distribution of EPS beads in the thermal mortar was optimized to
gain a small density and a small correlated thermal conduct factor. Thus, one of those
materials, Thermozell 400 (TZ400) with a dry density of approximate 350 kg/m3,
was chosen to start on developing EPC. It composes of cement and EPS beads with
the maximum diameter of 8 mm [3]. The weight of cement in one cubic meter TZ400
is 324.1 kg/m3 and the correlative porosity of TZ400 is 84.6 % (see Appendix A.1).
Regarding environmental aspects, TZ400 has a big advantage because the EPS mixture
can be utilized from recycled EPS. However, its compressive strength is only around 0.5
N/mm2 as the cement mortar is not enough to fill all the spaces in the EPS mixture.
In order to deal with this problem, two solutions related to mortar and EPS beads
mixture should be considered.
For the mortar, HSC is more suitable than cement due to its higher compressive
strength. In HSC mixtures, silica fume is an indispensable component to create the
high compressive strength. It also brings many positive advantages for EPC. Accord-
ing to a study of Babu, the percentage of silica fume increases with the compressive
strength of EPC [12], [13]. Furthermore, a study of Chen showed that using silica
fume can improve the dispersion of EPS beads in the matrix [33].
For EPS beads mixture, EPS beads with smaller diameters should be used in order to
ensure the lightweight and higher strength [117]. As a result, the maximum aggregate
diameter mortar should be as mall as possible to gain optimized results for EPC.
Hence, in this study, a fine HSC with the maximum diameter aggregate of only one
millimeter was chosen to develop EPC. This fine HSC was a result of the project SFB
528 that was implemented at Technical University Dresden. The mix components are
summarized in the table 3.1. It was used to develop a commercial product with the
name Pagel TF-10 [82].
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Mix components Unit Value
Sand (0-1 mm) kg/m3 942.0
Cement kg/m3 564.8
Silica fume kg/m3 56.6
Fly ash kg/m3 253,1
Water kg/m3 221.5
Super-plasticizers FM30, BASF l/m3 12.0
Table 3.1.: The mix proportions of the selected fine high strength concrete [82]
The first series EPC was developed by combining Pagel-TF10 with TZ400 to observe
the effect of density on the compressive strength. The components of the EPC are
summarized in table 3.2.
Mix components Unit R1 R2 R3 R4
Thermozell 400 kg/m3 350 350 350 350
Pagel TF-10 kg/m3 75 150 225 300
Water kg/m3 194.95 205.45 215.95 226.45
Table 3.2.: Mix proportions of the first EPC series
Based on the components of Pagel TF-10 and TZ400, mix proportions of these EPCs
were calculated and summarized as seen in the table 3.3.
Mix components Unit R1 R2 R3 R4
Sand (0-1 mm) kg/m3 41.9 83.81 125.71 167.61
Cement kg/m3 345.19 366.27 387.36 408.44
Silica fume kg/m3 2.11 4.23 6.34 8.45
Fly ash kg/m3 9.45 18.9 28.35 37.8
Water kg/m3 194.95 205.45 215.95 226.45
Super-plasticizer FM30, BASF l/m3 0.45 0.9 1.34 1.79
Expanded polystyrene kg/m3 25.9 25.9 25.9 25.9
Expected dry density kg/m3 425 500 575 650
Expected porosity % 80.8 77.1 73.5 70
Density kg/m3 462.51 547.66 710.53 672.25
Dry density kg/m3 431.83 527.98 685.9 640.7
Porosity kg/m3 78.8 74.9 67.4 69.2
Compressive strength N/mm2 0.46 0.79 1.4 1.64
Table 3.3.: Mix proportions and properties of the first EPC series
The EPS content of these EPC mixtures remained but the percentage of Pagel was
slowly increased. Water for the mixtures was defined as a total of demand water for
TZ400 and Pagel-TF 10.
Firstly, dry Pagel-TF 10 and TZ400 were mixed together for two minutes and then
water was added and mixed for three minutes. The mixtures were poured in the moulds
and compacted by hand to avoid segregation. The test samples were maintained by
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wet sackcloth and nylon paper for 24 hours. Then they were de-moulded and stored at
65 % humidity and 20 ◦C temperature for 7 days.
The compressive strength is normally a basic parameter to estimate the other prop-
erties of concrete. In order to save experimental time, the compressive strength at 7
days old instead of 28 days old was utilized to compare these EPCs with each other.
Besides, dry density and porosity were also considered to choose a suitable lightweight
EPC.
In table 3.3, the experimental density of mixture R3 is higher than the expected den-
sity. It can be explained by the influence of the hand compact method because the
compressibility of EPS beads made the actual density greater than the theoretical den-
sity. This problem was also mentioned in the study of Kuhail [99].
The experimental results of the first series show that when the density reaches up
to 650 kg/m3 with a correlative porosity of 70 %, the mortar is enough to fill the
spaces between EPS beads (see figure 3.1). As a result, the strength of EPC increases
significantly. It also agrees with theoretical calculations of Mile that the predictive
maximum porosity of any EPC is 74 %.
R1 R2 R3 R4
Figure 3.1.: Surface samples of the first EPC series
For the second series, the compressive strength of EPC was improved by using both
EPS mixtures with smaller diameter and fine HSC for mortar. New and round EPS
beads with diameter from 2 to 5 mm were used for this series instead of recycled EPC
beads, . The percentage of diameter of EPS beads in range of 4- 5 mm is 40% and
in range of 2- 4 mm is 60 % (see Appendix A.2). The density of EPS is 21.5 kg/m3.
The bulk density of EPS spheres mixture is 61 % that is a average value of 51- 71
% respectively for loosely and tightly packed density 11- 15 kg/m3. Unlike for the
first series, only Pagel TF-10 was used as the mortar in order to achieve a higher
compressive strength and to reduce the correlative cement content in the mortar. It
was aimed to protect the environment, because a reduction of cement percentage in the
EPC mixture leads to reduce the indirect impact of concrete on the environment. Based
on the components of Pagel TF-10 (table 3.1), the mix components are recalculated
and summarized with properties of the second EPC series in table 3.4. After casting,
the test samples were maintained in wet sackcloth and nylon paper for one day. Then,
they were de-moulded and stored at 65 % humidity and 20 ◦C temperature until they
were 7 days old like the first series.
Experimental figures show that the spaces in the EPS mixture in the cross section of
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Mix components Unit R5 R6 R7
Sand (0-1 mm) kg/m3 459.39 496.50 533.6
Cement kg/m3 231.17 249.84 268.51
Silica fume kg/m3 23.17 25.04 26.91
Fly ash kg/m3 103.59 111.96 120.33
Water kg/m3 115.11 124.41 133.71
Super-plasticizer l/m3 8.84 9.92 10.63
Expanded polystyrene kg/m3 12.66 11.95 11.23
Expected wet density kg/m3 954 1030 1100
Expected porosity % 57.1 53.7 50.2
Fresh density kg/m3 896.46 940.37 1109.7
Density kg/m3 825.4 932.5 1099.46
Dry density(before) kg/m3 806 920 1043
Porosity % 62.2 57.2 49.6
Compressive strength N/mm2 2.17 3.41 9.02
Table 3.4.: Mix proportions and properties of the second EPC series
cubic test samples were fully filled by the mortar. Therefore, the mortar webs could
perfectly form out (see figure 3.2).
R5 R6 R7
Figure 3.2.: Surface samples of the second EPC series
The form of recycled EPS beads may be deformed and not round like in the first two
series. Therefore, this parameter was considered in the third series to investigate its
influence on the strength of EPC. Deformed EPS beads have diameter from 2 to 5 mm.
In there, EPS beads with diameters in the range of 4- 5 mm was 23.2 % and in the
range of 2- 4 mm was 76.8 % (see Appendix A.2).
Pagel mortar is mixed in three minutes until the mortar became homogeneous before
EPS beads were added and mixed in two minutes at low speed. Then the EPCs were
poured in the moulds and compacted without vibration to avoid the segregation of
EPS beads. The specimens were de-moulded after one day and maintained under wet
sackcloth and nylon paper, and then stored at 65 % humidity and 20 ◦C temperature
until they were 7 days old. The components and properties of the third EPC series are
summarized in table 3.5.
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Mix components Unit D1 D2 D3 D4
Sand (0-1 mm) kg/m3 449.7 578.19 696.34 787.13
Cement kg/m3 226.29 290.95 350.4 393.09
Silica fume kg/m3 22.68 29.16 35.11 39.69
Fly ash kg/m3 101.41 130.38 157.02 177.5
Water kg/m3 112.68 144.88 174.49 197.24
Super-plasticizer l/m3 4.81 6.18 7.44 8.42
Expanded polystyrene kg/m3 34.31 29.69 24.72 20.44
Expected wet density kg/m3 950 1200 1400 1600
Expected porosity % 58.3 46.5 37.1 27.7
Fresh density kg/m3 873.16 1116.11 1368.74 1541.97
Density kg/m3 868.2 1113.22 1361.91 1547.73
Porosity % 60.2 49.0 37.6 29.0
Compressive strength N/mm2 2.4 5.6 9.61 15.73
Table 3.5.: Mix proportions and properties of the third EPC series
The compressive strength of EPCs increased with the increment of density. Along with
this process, the thickness of the mortar webs between the EPS beads was also greater.
It could be clearly seen in the cross section for each EPC in figure 3.3.
D1 D2 D3 D4
Figure 3.3.: Cross sections of experimental samples of the third EPC series
In tables 3.4 and 3.5, the reason for the difference between the theoretical and actual
fresh densities originated from the volume of the air in EPC causing by the hand com-
pacting method. In this study, the difference is around 3%. The results are accordant
with an assumption about the air content of 3% in EPC in a study of Perry [130].
In order to avoid segregation for EPC beads, all EPCs were compacted without vi-
bration as suggested in the studies of Mile and Perry. Experimental results about
vibration time indicated that it was the reason for the settlement of the mortar in
EPC at the bottom of the moulds where a dreg with a thickness from 3 to 8 mm was
formed. The effect of vibration in 15 seconds was comparable to the result of the hand
compacting method. However, this effect got worse with increasing in vibration time
(see figure 3.4).
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Withoutvibration In 15 seconds
In 60 seconds In 90 seconds In 120 seconds In 150 seconds
Figure 3.4.: The effect of vibration time on the homogeneity of EPC
3.3. Analysis and selection expanded polystyrene concrete
Three kinds of EPS beads (A, B, C) relating to three above series EPCs are shown in
figure 3.5. Their properties and material sources are presented in table 3.6.
C: Recycle EPS beadB: New EPS beadA: Recycle EPS of TZ400
Round EPS bead Deformed EPS bead
Figure 3.5.: Used types of EPS beads for EPC
Characteristic Type A Type B Type C
Density ( kg/m3) 25.6 21.5 64.34
Form round round deformed
Size or diameter (mm) 1-8 2-5 2-5
Source recycle new recycle
Table 3.6.: Characteristic of used EPS beads
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Figure 3.6.: Density-Porosity of EPCs
The relationship between porosity and density of all the EPC in this study is expressed
in figure 3.6. Experimental results showed that the porosity of EPCs is inversely
proportional to their density and does not depend on the size or form of EPS beads.
The porosity of EPC (p) can be estimated with the density matrix (ρmatrix), the density
of the EPS (ρEPS) and the expected density of the EPC (ρEPC) by the following equation
according to the suggestion of Miled [117].
p =
ρmatrix − ρEPC
ρmatrix − ρEPS
(3.1)
In the study of Miled, the theoretical maximum porosity of EPC using round EPS
beads is 74 %. In this study, a porosity was reached up to 70 % with a correlated
dry density of 650 kg/m3 and a compressive strength at 7 days old of 1.61 N/mm2
by using EPS beads type A. The compressive strength development of the EPC are
summarized in table 3.7.
Properties Specimens Unit Average value
Compressive strength at 7 days old 15 x 15 x 15 cm N/mm2 1.56
Compressive strength at 7 days old 10 x 10 x 10 cm N/mm2 1.64
Compressive strength at 31 days old 10 x 10 x 10 cm N/mm2 1.72
Compressive strength at 56 days old 10 x 10 x 10 cm N/mm2 1.78
Compressive strength at 112 days old 10 x 10 x 10 cm N/mm2 1.81
Table 3.7.: The compressive strengths of the EPC with the porosity of 70%
The compressive strength is the basic property of EPC because almost other properties
normally correlated to it. In order to save time, the compressive strength was deter-
mined at 7 days old (fc7) instead of 28 days old on cubic specimens (100 mm x 100
mm x 100 mm). Due to no experimental standard for EPC, the load-speed of the test-
ing machine was chosen to 0.02 mm/s based on the specifications for thermal mortars
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and light weight concretes. The relationship between density and compressive strength
was summarized according to the form of the EPS beads (round and deformed) and
illustrated in figure 3.7.
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Figure 3.7.: Dependence of the compressive strength EPCs on EPS beads form
The results represent the influence of the compressive strength on the EPS bead forms
with the same density. The influence on the compressive strength for EPCs with den-
sities greater than 950 kg/m3 manifested clearly. Nevertheless, it is not precisely for
EPCs with the density in a range of 800- 1000 kg/m3 and the correlative porosity from
54 to 63 %. This results agreed with the research results of Mile about the unclear
effect of the EPS beads size on the compressive strength for EPC using round EPS
beads with a porosity greater than 60 % [118].
The aim of this study is to develop a lightweight sandwich slab with a self-weight
approximately 50% lighter than normal reinforcement concrete with a density of ap-
proximate 2300 kg/m3. Hence, the EPCs with the densities smaller than 1150 kg/m3
should be considered. As seen in figure 3.7, the influence of EPS bead form of EPCs
with the density around 900 kg/m3 is not significant so EPC using recycled EPS beads
(D1) is feasible to achieve the same compressive strength like the one using new EPS
beads (R6). However, due to limited time to collect, classify and implement more tests
with recycled EPS beads, the mixture R6 was chosen to carry out more material tests
and to produce the specimens for the bending test.
3.4. Materials used in TRC-EPC sandwich beams
3.4.1. Fine high strength concrete
Aiming a homogeneity and sustainable bond between the layers of the sandwich cross
section, the fine HSC, PagelTF-10, was used for the top layer and also as mortar for
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the EPC core and the bottom TRC layer. Its mix components consists of fly ash, silica
fume, sand with maximum grain of diameter one mm, cement and superplasticizer. It
is packed in 25 kg sacks and combined with 14 % water and mixed for two minutes
before casting. Properties of Pagel are defined as in table 3.8, which were the results
of material tests of another project [9]. In the table, cylinder compressive strength fck
is counted by 0.85 compressive strength on 40×40×160 mm sample, fc.
Material properties Unit Value
Density, ρ kg/m3 2200
Compressive strength, fc N/mm
2 93.6
Cylinder compressive strength, fck N/mm
2 84.15
Tensile strength N/mm2 2.76
Modulus of rupture fr N/mm
2 8.2
Modulus of elastic N/mm2 32600
Table 3.8.: Material properties of Pagel TF-10 [9]
3.4.2. Textile reinforced concrete
In this study, textile reinforced concrete is composed of Pagel TF-10 and carbon textile
reinforcement NWAM3-008-10-b1. The distance between the wrapped yarns is 10.8 mm
and between the weft yarns is 14.4 mm (see on the left of figure 3.8). The properties
of textile grid are summarized in table 3.9.
TRC is fabricated by the laminating method. The tensile load response of TRC is
14.4mm
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Figure 3.8.: Textile reinforcement, NVMA 3-08-10-b-01
determined in axial tensile experiments and illustrated on the right of figure 3.8. The
value of tensile strength, σtu, is in the range from 1236 to 1760 N/mm
2. The average of
stress at first cracks (σc,cr) and the average ultimate strain (εu) of one layer NWAM3-
008-10-b1 TRC are summarized in table 3.10.
45
3 Experimental investigation
Material properties Unit Value
Wrapped yarn - SIGRAFFIL C30 T050EPY
Fineness tex 3300
Distance mm 10.8
Area of yarn mm2 1.83
Weft yarn - HTS40 F13 12k
Fineness tex 800
Distance mm 14.4
Area of yarn mm2 0.44
Table 3.9.: Material properties of textile reinforcement [9]
Material properties σtu σc,cr ǫu
Unit N/mm2 N/mm2 h
Value 1343 3.15 8.52
Table 3.10.: Material properties of textile reinforcement concrete [9]
3.4.3. Expanded polystyrene concrete
As analysed in the previous section, EPC R6 was chosen for the core of TRC-EPC sand-
wich beams. Hence, more experimental samples for EPC were produced and tested.
Firstly, Pagel mortar was mixed for three minutes until the mortar became homoge-
neous, EPS beads were added and mixed for two more minutes at low speed. After
adding super-plasticizers, it was mixed for more three minutes before the EPCs were
poured in the mould and compacted by hand. All the specimens were de-moulded
after one day curing under wet sackcloth and nylon paper. They were stored at 65 %
humidity and 20 ◦C temperature until they were 28 days old. The average values of
the material properties are summarized in table 3.11.
Material properties Dimension of specimen Unit Value
Dry density kg/m3 921.0
Compressive strength cubic 10×10×10 cm N/mm2 4.83
Compressive strength cubic 15×15×15 cm N/mm2 5.19
Cylinder compressive strength cylinder D×H= 15×30 cm N/mm2 5.16
Axial tensile strength cubic 10×10×50 cm N/mm2 0.90
Elastic modulus cylinder D×H= 15×30 cm N/mm2 5272
Table 3.11.: Material properties of EPC
The compressive strength determined for cubic specimens (10 cm ×10 cm × 10 cm)
was defined at 7, 28 and 61 days old. The results presented in figure 3.9 show that the
increase of the compressive strength after 28 days is not remarkable.
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Figure 3.9.: The compressive strength development of the selected EPC
Stress-strain relationship of EPC R6 was determined with cylinders samples (D×H =
150 mm × 300 mm). The experimental relationship is likely linear until the compressive
strength of 5.19 N/mm2 and the ultimate strain of about 3 h (see figure 3.10).
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Figure 3.10.: Compressive stress-strain relationship from EPC cylinders
3.5. Experiments on TRC-EPC sandwich beams
3.5.1. Overview
Reinforced concrete beams under point load can fail in bending or shear. The definition
of failure depends on the ratio of failure moment (Mu) to the nominal moment strength
(Mflex), β. Mflex is calculated from the effective depth and the strength of the materials
in the compressive and tensile zone of the cross section. If β ≥ 1, flexural failure
happens. The flexural moment at failure depends on the a/d ratio and the longitudinal
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reinforcement ratio [88]. If β < 1 shear failure happens. Shear failure occurs suddenly
while the tensile stress of the longitudinal reinforcement is still smaller than the yield
strength. For sandwich elements, shear failure can also occur in the interface between
the core and face layers.
To investigate the load capacity of TRC-EPC sandwich beams, 3-Point and 4-Point
bending tests on this type of sandwich beam were implemented. 18 small scale beams
according to 6 different series with a/d from 1.5 to 5.2 were experimentally investigated.
To save framework, the experimental specimens were divided and produced in two
groups according to the length of the samples. The first group (G1) includes 3 series
S1, S2, S3 with the length of 600 mm. The second group (G2) consisting of series S4,
S5, S6 had the length of 1100 mm. The spans of experimental beams were modified by
changing the distance between the supports for each series. The experimental set-up
is described and presented in figure 3.11.
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Figure 3.11.: Experimental configurations
All experimental specimens had the same cross section with three layers. The dimen-
sions of the cross section are 100 mm in width and 100 mm in height as shown in
figure 3.12. The top layer is 6 mm fine high strength concrete, Pagle TF-10. The
bottom layer is a 6 mm TRC layer including one layer textile grid NWAM3-008-10-b1
and Pagle TF-10. The EPC R6 was used for the core with a thickness of 88 mm.
As mentioned in previous section, Pagle TF-10 was the mortar for EPC in the core.
Hence, only one type of fine HSC was used for all three layers and the homogeneity for
mortar in the cross section can be achieved.
In comparison with a homogenous HSC cross section using the same amount of flexural
longitudinal high tensile strength textile reinforcement, this cross section can have the
same nominal moment strength. However, the self-weight of the specimens significantly
reduces with the appearance of EPS beads in the core of the cross section.
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Figure 3.12.: Cross section dimensions of experimental specimens
3.5.2. Manufacturing process of experimental specimens
The suggestion for the manufacturing process mentioned in chapter 2 was applied for
the experimental specimens. All specimens were fabricated in layers by wet-in-wet
method to obtain a sustainable bond between the layers.
Figure 3.13.: Manufacturing process
The TRC layer was firstly manufactured by laminating method. After laminating three
mm Pagel mortar, a textile grid including 9 yarns with total textile area of 9×1.83 mm2
was placed in the longitudinal direction and lightly pushed before another three mm
layer was laminated. Then the 88 mm EPC R6 core was poured and compacted by
hand before a 6 mm Pagel top layer was poured. The typical production process is
illustrated in figure 3.13. The specimens were maintained under wet sackclothes and
nylon papers for three days. Then they were de-moulded and stored in a climate room
at 20 ◦C and 65 % humidity for 28 days, until they were tested.
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3.5.3. Measuring equipment and experimental procedure
There were two measuring sides of the specimens parallel with the load plane. One side
was used to arrange Linear Voltage Displacement Transducers (LVDT) as in figure 3.14
and named LVDT-side. The displacements at the mid-span of specimens were measured
by LVDTs with a measuring range of ±10 mm. LVDTs with a measuring range of ±1
mm were used for observing the slip between the core and TRC layer for specimens of
series S3.
100150 150
400100 100
P/2P/2
LVDT 8a;8b
A
A
LVDT 8a LVDT 8b
5050
100
A-A
6
6
8
8
100200 200
50050 50
P/2P/2
LVDT 8a; 8b
A
A
LVDT 8a LVDT 8b
5050
100
A-A
6
6
8
8
250 250
50050 50
P
LVDT 8a; 8b
A
A
LVDT 8a LVDT 8b
5050
100
A-A
6
6
8
8
LVDT 1
LVDT 2
S1
S2
S3
a/d=1.5
a/d=2.1
a/d=2.6
Figure 3.14.: Arrangement of LVDTs for experimental group G1
In order to survey the flexural response, the strain distribution of the cross section
at mid-span of G2 group specimens are observed by LVDTs with measuring range of
10 mm (see figure 3.15). The compressive strain of the top layer for 3-Point bending
tests was measured by LVDTs which were attached in the middle of the top layer on
LVDT-side. For the 4-Point bending test, it was measured by Strain Ggauges (SG)
at the middle of top layer in the plane perpendicular to the load plane. The strain
gauges, PL-60-11, is produced by Tokyo Sokki Kenkyujo with a gauge length of 60
mm and an accuracy of ±0.01 mm. The two other LVDTs were used to measure the
compressive movement of EPC core and tensile strain on bottom layer. All the LVDTs
are produced by HBM (Hottinger Baldwin Messtechnik) with an accuracy of ±0.1mm.
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Figure 3.15.: Arrangement of LVDTs for experimental group G2
For this type of sandwich, shear failure in the core, flexural failure or bond failure be-
tween the layers could occur separately or simultaneously in each specimen. Thus, the
other side was observed by Optical Measuring Technique (OMT) and named OMT-side.
By using optical measuring method, failure mode can be better determined by observ-
ing crack development according to the load steps for each specimen. The measuring
equipment included two Olympus EP-1 cameras with sensor format of 4032×3024 pixels
and objective of 50 mm. They were used to measure two areas according to two halves
of each experimental specimen. The overlapping between two areas was around 15-
20%. The surface of experimental specimens on the OMT-side was smoothly treated
by white mortar and sprayed black paint to create a stochastic pattern. Measuring
areas, were defined on photos by two cameras that were taken every two seconds cor-
relative to one stage, would be defined on computer mash. This mash grid includes
15x15 pixel facets with 2 pixels overlapping correlative to a start point will be formed
to define deformation on every photo. One photo will be defined as an un-deformed
reference stage as the basis to calculate deformation in the next stages. Experimental
set-up for optical measuring techniques is illustrated in figure 3.16. The values in the
brackets are according to the group G2. The distance from camera to measuring area
was about one meter for the experimental specimens of group G1 and two meters for
the specimens of group G2.
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600(1100) mm
50-60 (150-200) mm
Camera 2 Camera 1
LVDT - Side
OMT - Side
Figure 3.16.: Experimental set-up of optical measuring method
The bending tests were carried out on a hydraulic testing machine Zwick Z250 with a
load speed of 1.2 mm/min. The tested beams were placed on two steel roller supports
with a diameter of 40 mm. The applied load was added through a steel support which
includes one roller with diameter of 40 mm according to 3-Point bending test or two
rollers with the diameter of 20 mm according to 4-Point bending test.
3.5.4. Moment at failure
The ratio of the moment at failure Mu and the nominal moment strength of the ex-
perimental cross section Mflex is used to clarify the failure mode. In which, Mflex was
determined based on the strength of the materials and the dimensions of the cross
section. The tensile strength and area of the textile reinforcement were respectively
1343 N/mm2 and 16.47 mm2. The distance between the tensile and compressive force
in the cross section was equal to the distance between the top and bottom layer. The
value of Mflex was, thus, equal to 2.08 kNm. As seen in figure 3.17, Mu of all specimens
are smaller than Mflex, so no sample could reach to its theoretical moment capacity. In
order to determine the reason, it is necessary to analyse the other experimental results.
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Figure 3.17.: Moment at failure of experimental specimens
3.5.5. Bond destruction in TRC layer
In order to exploit the tensile strength of TRC, the embedded length of textile yarn in
fine concrete, LE, needs to be ensured. As the experimental specimens for this study
were built, no research result about LE was implemented. In an actual research, the
relationship between the load bearing and the embedded length of a textile NWAM3-
008-10-b1 yarn is presented in the figure 3.18. The destruction of bond between textile
reinforcement yarns and the surrounding fine concrete takes place as the external fore
exceeds a value of the bond resistance of each yarn which depends on the embedded
length of the textile yarn in fine concrete.
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Figure 3.18.: Load bearing-embedded length of textile yarns NWAM3-008-10-b1
For the experimental specimens, there were 9 flexural longitudinal textile yarns. Based
on the embedded length of textile yarns at the support, LE, the correlative load capacity
P(LE) for the specimens according to each series were calculated and summarized in
table 3.12.
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Specimen a/d LE P(LE) PE Bond
mm mm kN kN destruction
S1-N1
1.51 100 17.4
18.3 Yes
S1-N2 12.9 No
S1-N3 12.82 No
S2-N1
2.1 50 10.1
9.57 No
S2-N2 12.18 Yes
S2-N3 10.10 No
S3-N1
2.6 50 8.14
7.72 No
S3-N2 8.86 No
S3-N3 8.70 Yes
S4-N1
3.1 200 11.98
12.13 Yes
S4-N2 9.65 No
S4-N3 9.31 No
S5-N1
4.1 100 6.54
8.10 Yes
S5-N2 7.11 Yes
S5-N3 7.89 Yes
S6-N1
5.2 50 4.07
6.95 Yes
S6-N2 6.33 Yes
S6-N3 5.49 Yes
Table 3.12.: Estimation of the bond destruction in the TRC layer
The calculated results show that the bond destruction did not occur for most experi-
mental specimens for series S1, S2, S3, S4 . However, for series S5 and S6, the bond
destruction of TRC at the bottom layer probably caused that the moments at failure
of the specimens are smaller than the nominal moment strength.
3.5.6. Crack patterns
For normal reinforced concrete beams without shear reinforcement, based on the visual
symbols including the crack pattern and the form of critical crack, the mode of failure
can be classified as following [123]:
- For flexural failure or Bending failure (B), cracks are likely vertical in the middle
third of the beam span because of the principal tensile stress before cracking
results from a small shear stress and a dominant flexural stress. These cracks
formed at mid-span area as the load was about a half of the failure load. It
happens on the beams with a/d greater than 5.5.
- Diagonal Tension failure (DT) manifests in the specimens whose strength is lower
than its flexural strength. The first symbol is the forming of vertical flexural
cracks at mid-span. The propagating of the cracks to the neutral axis stops as
the bond between the longitudinal reinforcement and the surrounding concrete
at support is damaged. The appearance of new diagonal cracks at about 1.5d to
2.0d distance from the supports is a signal of an impending failure, because one
of the diagonal cracks will extend to the top compressive fibre and lead to the
failure of beam. During the extension of the crack, the existed flexural cracks do
54
3.5 Experiments on TRC-EPC sandwich beams
not propagate to the neutral axis. The failure normally appears in beams with a
ratio a/d from 2.5 to 5.5
- Shear compressive failure (Sc) is the failure of beams with the ratio a/d smaller
than 2.5. The cracking starts with the development of a few flexural cracks at
mid-span. The propagating of the cracks to a neutral axis stops as the bond
between the longitudinal reinforcement and the surrounding concrete at support
is damaged. An inclined crack occurs suddenly and propagates to the neutral
axis. Suddenly failure occurs as this inclined cracks joint in the crushed concrete
zone.
The crack patterns and the development of cracks of G1 group specimens according
to main load steps are illustrated in figure 3.19. There was no development of any
horizontal cracks. It indicates that the destruction of the bond between the core and
faces layers, which should be manifested by horizontal cracks along to the interface
between the core and face layers, did not occur in these specimens. The measured
results of LVDT1 and LVDT2 for the specimens of series S3 also confirmed no relative
slip between the core and the bottom layer.
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Figure 3.19.: Crack development of G1 group specimen according to load level
The failure of sample S1-N1 of G1 group clearly manifested as shear compression failure.
The vertical flexural cracks 1 and 2 appeared firstly at mid-span but they stopped
extending to the top compressive fibre at the load of 14.8 kN. The critical crack was
the inclined crack number 3, which formed suddenly at a load of 18.3 kN and caused
the failure of this specimen. It developed from the support and extended to the loading
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points in the crushed concrete zone. The failure was accompanied by the destruction of
the bond between the textile yarn and the surrounding fine concrete. For the specimen
S1-N2, S1-N3 and S2-N3, the critical cracks were Flexural cracks (F) that formed
at about 15 to 20 cm (≈ 1.5d to 2d) distance from the supports, and extended to
the loading points at the failure. These cracks were vertical to the longitudinal axis.
This characteristic of these specimens indicates clearly bending failure (B). The critical
cracks of sample S2-N1 and S2-N2 formed from existing flexural cracks. The angles of
the linear from the foot to the peak of the cracks and the longitudinal axis were around
60 ◦. Thus, the form of the cracks are noted as F-60 ◦ in table 3.13.
Specimen Critical crack Failure
Ordinal Distance Form mode
number to support
S1-N1 3/3 0 Sc Sc
S1-N2 3/4 1.5d F B
S1-N3 2/3 1.5d F B
S2-N1 2/2 1.5d F-60 ◦ B
S2-N2 2/2 1.5d F-60 ◦ B
S2-N3 1/2 2.0d F B
S3-N1 3/3 1.5d Fs-45 ◦ B-S
S3-N2 2/5 1.5d Fs-55 ◦ B-S
S3-N3 3/4 2.0d Fs-50 ◦ B-S
Table 3.13.: Failure mode of G1 group specimens according to the crack pattern
Inclined critical cracks in the specimens of series S3 formed at a distance of about 1.5d
to 2.0d from the supports that manifested the effect of the shear force. They formed
from existing flexural cracks so they were named as Flexure-shear cracks (Fs). The
expression shows that the failure of the specimen as a combination of bending and
shear failure (B-S). The mode of failure in group G1 based on the crack pattern were
recognized and summarized in table 3.13.
As shown in figure 3.20, the critical cracks of all specimens in G2 group were flexure-
shear cracks which formed in the middle third of the beam span. The manifestation of
the diagonal tension failure (DT) was clearly shown in specimen S5-N2 as for normal
reinforced concrete beams with a/d from 2.5 to 5.5. The flexural cracks number 1 and
3 stopped propagating to the top layer as the critical crack (number 6) developed at
about 2.0d distance from the support at a load of 3.21 kN and extended quickly to the
top compressive fibre. The failure process also repeated for the specimen S5-N3.
For specimen S4-N2, the critical crack (number 1) appeared at about 2.0d to 2.5d
distance from the supports as the flexural crack at mid-span stopped extending to the
top layer at a load of 4.2 kN. The failure process of specimen S4-N1 was similar with the
critical cracks (number 4) at a load of 4.11 kN. The failure modes of these specimens
and the others of G2 group are summarized in table 3.14.
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Figure 3.20.: Crack development of G2 group specimens according to load level
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Specimen Critical crack Failure
Ordinal Distance Form mode
number to support
S4-N1 1/2 2.5d Fs-60 ◦ B
S4-N2 4/5 2.0d Fs-45 ◦ DT
S4-N3 4/4 2.0d Fs-45 ◦ DT
S5-N1 1/4 3.5d Fs-45 ◦ B-DT
S5-N2 6/6 2.0d Fs-30 ◦ DT
S5-N3 3/4 2.5d Fs-30 ◦ DT
S6-N1 3/3 4.0d Fs-45 ◦ B-DT
S6-N2 6/7 3.0d Fs-30 ◦ B-DT
S6-N3 3/4 4.5d Fs-30 ◦ B-DT
Table 3.14.: Failure mode of G2 group specimens according to the crack pattern
The short horizontal cracks at the foot of the critical cracks of sample S4-N2, S5-N1,
S5-N3, S6-N1 and S6-N3 forming just before failure manifested the failure of dowel
action mechanism of the textile reinforcement. Another reason could be the bond
failure between the core and the face layers, so it should be considered in next sections.
3.5.7. Strain distribution in the mid-span cross section
For the 3-Point or 4-Point bending tests, the maximum moment was at the mid-span.
Thus, observing the strain distribution on the cross section at mid-span is basic to
define the appearance of flexural failure. As illustrated in figure 3.21, the strain of
three points at the core and face layers in the cross section were measured.
The maximum value of compressive strains on the top layer is the maximum measured
value of SG5 or LVDT5, ǫc. The maximum tensile strain of the bottom layer is equal to
the maximum values of measured strains with LVDT7, ǫt. If the maximum values are
greater than the ultimate strains of materials of the face layers, the failure will occur
in the correlative layer.
For specimen S4-N1, two cracks form at two ends of LVDT7 (see figure 3.20) leading
to the measured values of LVDT7 reduced to zero after cracking. Thus, the average
values for series S4 in table 3.15 are calculated without the results of specimen S4-
N1. The average values for series S6 were also calculated without the S6-N1 because
the LVDT5 in the specimen was failed during the experimental process. In the table,
the stresses of textile yarn (σt) are calculated based on the moment at failure of each
specimen, the distance between the top and the bottom layer and the area of the textile
reinforcement.
Both the average measured tensile strain in the bottom layers and the calculated stress
of textile yarn for the specimens of series S4 were smaller than the ultimate values of
TRC. Hence, the bending failure did not occur for this series. On the other hand,
the linear strain distribution on mid-span cross section and the constant height of the
compressive zone until the failure manifests the validity of Bernoulli’s hypothesis. It
indicates that the bond between the core and face layers was ensured.
For series S5 and S6, although the tensile strain exceeded the ultimate value of 8.52
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Figure 3.21.: The average strain distributions in the mid-span cross section
Sample At failure Failure in layer
PE ǫc ǫt σt Top Bottom
kN h h N/mm2 ǫc ≥2.58 ǫt ≥8.52
S4-N1 12.13 -1.27 – 1176 No -
S4-N2 9.65 -1.34 5.68 936 No No
S4-N3 9.31 -1.38 8.91 903 No Yes
S4 9.48 -1.36 7.3 919 No No
S5-N1 8.10 -1.90 15.34 1045 No Yes
S5-N2 7.11 -1.41 7.15 919 No No
S5-N3 7.89 -1.73 14.11 1018 No Yes
S5 7.70 -1.68 12.12 994 No Yes
S6-N1 6.95 – 13.39 1126 No Yes
S6-N2 6.33 -0.71 9.73 1023 No Yes
S6-N3 5.49 -1.15 11.44 854 No Yes
S6 6.20 -0.93 10.59 938 No Yes
Table 3.15.: Surveying the failure in the face layers
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h, the calculated stresses were respectively smaller than the tensile strength of TRC
of 1343 N/mm2. That indicated for the failure in tensile zone, meanwhile the tensile
strength of TRC was not exploited. The reason was probably the destruction of the
bond between the textile yarns and the fine concrete, because the embedded length of
textile yarns in the specimens were not enough (as see in table 3.12). As a result, the
unusual increases of the tensile strain were clearly presented on the strain distributions
of the specimens at load of 5.93 kN for series S5 and load of 4.04 kN for series S6,
since the loads exceeded the bond resistance of TRC according to the embedded length
of textile yarns (see figure 3.21). However, the slip between the core and the bottom
layer may be the other reason. Thus, in the following section, the relative displacement
between the layers was monitored to clarify the failure mode using the results of OMT.
3.5.8. Horizontal relative displacement between the layers
In order to observe the slip between the layers, two beam elements with the length of
10 cm at the supports which were not influenced by crack development as illustrated
in figure 3.19 and 3.20. A surveyed element is illustrated on the right of figure 3.22.
In there, the horizontal relative displacements between the top and the bottom layer,
∆ui, and the horizontal relative displacements between the core and the bottom layer,
∆ui′, were monitored along the beam according to measured results of OMT.
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Figure 3.22.: Surveyed positions for the relative slip between the layers
Monitoring results for all specimens are summarized in table 3.16. If the difference
of ∆ui′ at the ends of surveyed beam element at failure are approximately equal to
zero, slip between the core and the bottom layer at the respective end of the surveyed
specimen will not occur. As presented in table 3.16, the difference at two supports
(S1, S2) for all the experimental specimens were very small and approximately equal
to zero. Thus, there was no slip between the core and the bottom layer. The measured
values with LVDT1 and LVDT2 for series S3 also confirmed this conclusion.
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Series- Load ∆ui
′
at the supports (mm) Slip failure
Number kN S1 S2 ∆u(i− 1)′-∆ui′ Position
ξ=x/L 0 0.2 0.8 1.0 S1 S2 S1 S2
Unit mm mm mm mm mm mm mm -
S1-N1 18.34 0.443 0.448 0.473 0.459 -0.005 0.014 No No
S1-N2 12.74 0.480 0.485 - - 0.005 - No -
S1-N3 12.82 0.607 0.608 0.636 0.638 -0.002 -0.002 No No
S2-N1 9.57 0.142 0.145 0.158 0.155 -0.003 0.003 No No
S2-N2 12.19 0.338 0.333 0.337 0.336 0.005 0.001 No No
S2-N3 10.11 0.629 0.625 0.649 0.654 0.004 -0.005 No No
S3-N1 7.72 0.087 0.082 0.081 0.082 0.005 0.001 No No
S3-N2 8.87 0.084 0.088 0.102 0.084 -0.004 0.018 No No
S3-N3 8.73 0.003 0.002 0.076 0.079 0.001 -0.003 No No
ξ=x/L 0 0.14 0.86 1.0
S4-N1 12.14 0.519 0.518 0.557 0.542 0.002 0.015 No No
S4-N2 9.66 0.152 0.169 0.148 0.178 -0.017 -0.031 No No
S4-N3 9.32 0.150 0.154 - - -0.005 - No -
ξ=x/L 0 0.1 0.9 1.0
S5-N1 8.10 0.266 0.269 0.280 0.259 -0.003 0.022 No No
S5-N2 7.11 0.180 0.179 0.185 0.180 0.001 0.005 No No
S5-N3 7.88 0.220 0.220 - - 0.006 - No -
S6-N1 6.95 0.299 0.289 0.253 0.268 0.01 -0.015 No No
S6-N2 6.34 - - 0.215 0.235 - -0.020 - No
S6-N3 5.34 0.218 0.208 0.212 0.209 0.010 -0.003 No No
Table 3.16.: Surveying the slip between the core and the bottom layer
The ratios of ∆ui′/∆ui for all specimens were calculated and summarized in table 3.17.
The ratios of each beam element at the support S1 or S2 are equal to or approximately
equal to each other for all specimens. The similarity of the distribution of the horizontal
displacements in the cross section at both ends of the beam manifests that there was
no slip between the layers.
3.5.9. Core compressive deformation
EPC is lighter and softer than normal concrete so large deformation of EPC core might
influence the load bearing capacity of the specimen. Therefore, the compressive defor-
mation of EPC core also needs to be inspected. For the specimens of G2 group, it was
monitored by using the results of LVDT9 and LVDT10.
Besides, the distances between the top and bottom layer were also observed at the sup-
ports and at mid-span with relative longitudinal co-ordinates, ξ=0, 0.5 and 1.0 by using
the results of the optical measuring technical method. These results are summarized
in table 3.18. The extraordinary values in the brackets were influenced by the devel-
opment of cracks which cut through the measured line on the experimental specimens.
For example, the measured values of LVDT10 were influenced by the development of
crack number 4 at specimen S4-N2 and crack number 6 at specimen S5-N2. Regarding
to the measured values of LVDT9, the development of the crack number 5 at specimen
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Series- Load ∆ui
′
at support (mm) ∆ui at support (mm) ∆ui
′
/∆ui
Number S1 S2 S1 S2 S1 S2
ξ=x/L 0 0.2 0.8 1.0 0 0.2 0.8 1.0 0 0.2 0.8 1.0
Unit kN mm mm mm mm mm mm mm mm - - - -
S1-N1 18.34 0.443 0.448 0.473 0.459 4.08 4.02 4.18 4.27 0.11 0.11 0.11 0.11
S1-N2 12.74 0.480 0.485 - - 2.25 2.22 - - 0.21 0.22 - -
S1-N3 12.82 0.607 0.608 0.636 0.638 6.68 6.77 6.19 7.07 0.09 0.09 0.09 0.09
S2-N1 9.57 0.142 0.145 0.158 0.155 1.31 1.31 1.45 1.43 0.11 0.11 0.11 0.11
S2-N2 12.19 0.338 0.333 0.337 0.336 3.07 2.99 3.16 3.21 0.11 0.11 0.11 0.10
S2-N3 10.11 0.629 0.625 0.649 0.654 5.68 5.76 5.75 5.89 0.11 0.11 0.11 0.11
S3-N1 7.72 0.087 0.082 0.081 0.082 0.89 0.79 0.74 0.74 0.11 0.11 0.11 0.11
S3-N2 8.87 0.084 0.088 0.102 0.084 0.76 0.78 0.85 0.85 0.11 0.12 0.12 0.12
S3-N3 8.73 - - 0.076 0.079 - - 0.63 0.64 0.11 0.11 - -
ξ=x/L 0 0.14 0.86 1.0 0 0.14 0.86 1.0 0 0.14 0.86 1.0
S4-N1 12.14 0.519 0.518 0.557 0.542 4.72 4.71 5.14 4.88 0.11 0.11 0.11 0.11
S4-N2 9.66 0.152 0.169 0.178 0.165 1.42 1.45 1.51 1.47 0.11 0.12 0.12 0.12
S4-N3 9.32 0.150 0.154 - - 1.42 1.38 1.36 1.34 0.11 0.11 - -
ξ=x/L 0 0.1 0.9 1.0 0 0.1 0.9 1.0 0 0.1 0.9 1.0
S5-N1 8.10 0.266 0.269 0.280 0.259 2.46 2.44 2.47 2.39 0.11 0.11 0.11 0.11
S5-N2 7.11 0.180 0.179 0.168 0.158 1.67 1.65 1.60 1.54 0.11 0.11 0.10 0.11
S5-N3 7.88 0.220 0.220 - - 1.81 1.84 - - 0.12 0.12 - -
S6-N1 6.95 0.299 0.289 0.253 0.268 2.54 2.52 2.20 2.22 0.12 0.11 0.12 0.12
S6-N2 6.34 - - 0.215 0.235 - - 1.92 1.90 - - 0.11 0.12
S6-N3 5.34 0.218 0.208 0.212 0.209 1.84 1.87 2.19 2.19 0.12 0.11 0.10 0.10
Table 3.17.: Surveying the relative displacements between the layers at the supports
S5-N2 and the crack number 6 at specimen S6-N2 were the reasons. The other very
small values of compressive displacement indicated that the compressive deformation
of the EPC core was unremarkable.
The surveying results of the core compressive deformation were so small that the
distance between the top and bottom layer remained likely constant. Furthermore, the
small compressive strains at failure which was measured by LVDT 9 and LVDT 10,
manifest that the EPC core did not failed until failure.
3.5.10. Failure mode
The responses of all specimens at failure according to the above criterions and symbols
are summarized in table 3.19 and 3.20. In the tables, the failure in the tensile layers
was determined based on the strain distribution on the cross section at mid-span. The
EPC core ensured the distance between the face layers due to the small compressive
deformations of the core (see table 3.18).
The layers of sandwich cross section did not slip to each other. Therefore, the durable
bond between the core and face layers was achieved without any shear connector device.
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Series- Load ∆vi LVDT9 LVDT10 Core
Number ξ=x/L 0 0.5 1.0 0.32 0.68 failure
Unit kN mm mm mm h h -
S1-N1 18.34 -0.12 0.04 -0.11 - - No
S1-N2 12.74 0 0 0 - - No
S1-N3 12.82 -0.18 - -0.17 - - No
S2-N1 9.57 -0.01 0 -0.02 - - No
S2-N2 12.19 -0.06 -0.03 -0.08 - - No
S2-N3 10.11 -0.2 -0.07 -0.21 - - No
S3-N1 7.72 -0.02 -0.07 -0.03 - - No
S3-N2 8.87 -0.02 -0.03 -0.02 - - No
S3-N3 8.7 -0.01 0.01 -0.01 - - No
S4-N1 12.14 -0.14 -0.04 -0.18 -0.03 -0.05 No
S4-N2 9.66 -0.05 0.02 -0.03 0 (-9.62) No
S4-N3 9.32 -0.02 -0.02 -0.01 0.02 -0.02 No
S5-N1 8.10 -0.06 -0.08 -0.07 0.03 0.05 No
S5-N2 7.11 -0.03 -0.01 -0.04 (-0.62) (-4.13) No
S5-N3 7.88 -0.02 0 0 0.03 -0.1 No
S6-N1 6.95 -0.04 0.58 -0.12 -0.03 -0.11 No
S6-N2 6.34 -0.04 0 -0.06 (2.17) -0.1 No
S6-N3 5.49 -0.02 0.25 -0.09 -0.03 -0.06 No
Table 3.18.: Compressive deformation of the EPC core
Table 3.19.: Responses at failure of G1 group specimens
Criterion/Symbol S1 S2 S3
for failure mode N1 N2 N3 N1 N2 N3 N1 N2 N3
1. Mu ≥ Mflex No No No No No No No No No
2. Bond destruction of TRC layer Yes No No No Yes No No No Yes
3. Crack pattern Sc B B B B B B-S B-S B-S
4. Failure of tensile layers Not observed
5. Slip between the layers No No No No No No No No No
6. Compressive core deformation No No No No No No No No No
Failure mode Sc B-S B-S B-S B-S B-S B-S B-S B-S
Table 3.20.: Responses at failure of G1 group specimens
Criterion/Symbol S4 S5 S6
for failure mode N1 N2 N3 N1 N2 N3 N1 N2 N3
1.Mu ≥ Mflex No No No No No No No No No
2. Bond destruction of TRC layer Yes No No Yes Yes Yes Yes Yes Yes
3. Crack pattern B DT DT B-DT DT DT B-DT B-DT B-DT
4. Failure of tensile layers No Yes Yes
5. Slip between the layers No No No No No No No No No
6. Compressive core deformation No No No No No No No No No
Failure mode B-DT DT DT B-DT DT DT B-DT B-DT B-DT
Group G1 (a/d≤ 2.6)
For normal reinforced concrete, the dominant failure of beams without shear reinforce-
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ment with a/d≤ 2.5 is the shear compressive failure (Sc). The critical cracks were
inclined and ended at the compressive zone under the loading points. A clear ex-
pression of this failure occurred in specimen S1-N1. For other specimens, moment at
failure smaller than the theoretical nominal moment indicated shear failure. However,
the critical cracks of all the specimens of series S1 and S2 were flexural cracks. Hence,
the failure mode was a combination of the bending and shear failure (B-S).
Group G2 (2.6<a/d≤ 5.2)
Based on crack pattern, the failure modes of G2 group could be determined more clearly
than its of G1 group. Two of three specimens for series S4 and S5 failed in diagonal
tension. Failure modes of the other specimens of G2 group were a combination of
bending and diagonal tension failure as analysed above.
According to the experiments of Jesse [81], bending failure did not occur in TRC-EPC
sandwich beams with a/d smaller than 6.1 (see figure 3.23). In combination with the
experimental results in this study, the relationship between a/d and failure mode can
be illustrated as in figure 3.24.
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Figure 3.23.: Experimental results of Jesse [81]
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Figure 3.24.: Failure mode in dependence on a/d
The exhibitions of failure in beams with 3.1≤a/d≤4.1 were basically similar to those of
normal reinforced concrete beams without shear reinforcement with 2.5<a/d<5.5. For
the specimens with a/d≤2.6, the compressive shear (Sc) failure exhibited only in one
specimen. The others also had symbols of bending failure but the moments at failure
were smaller than the theoretical nominal moment so the this type of failure could be
a combination of bending and shear failure (B-S). For the beams with 4.1<a/d≤6.1,
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the failure mode can be called bending-diagonal tension failure (B-DT). It seems to be
a transition between diagonal tension failure to bending failure.
3.5.11. Load-deflection diagrams
The deflections at mid-span of all specimens are illustrated in figure 3.25.
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Figure 3.25.: Load-deflection diagrams at mid-span
In there, Si-E are the average curves of three specimens for series Si with i from 1
to 6. The drops at failure in the load-deflection diagrams of specimens with a/d=2.6
showed the brittle failure mode with small deflection in compared to other specimens.
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The same expression for the sample S4-N2 and S4-N3 with a/d=3.1 clearly indicates
a diagonal tension failure which was defined based on the crack pattern.
The failure of the beams with a/d=5.2 was ductile with large deflections so it gave an
ample warning for collapse for those beams. This type of manner occurs along with
yielding of the flexural longitudinal reinforcement for normal reinforced concrete with-
out shear reinforcement with a/d>5.5, which fail in bending. In this case, the yielding
of textile did not occur because the calculating tensile stress of textile yarn was smaller
than the tensile strength of TRC (see table 3.15). The reason was the destruction of the
bond between flexural longitudinal textile reinforcement and fine concrete as the force
applied in textile yarn exceeded its bond resistance. As a results, horizontal lengths
occurred in the load-deflection diagrams before the collapse of the specimens.
Specimens of series S5 with a/d=4.1 gave a manner as a combination of the two failure
types above. The drops in the diagrams occurred at failure as the beams with a/d=2.5
but with great deflection like the beams with a/d=5.2.
For specimen S1-N1 and S1-N2, the collapse coincided with great deflections at mid-
span of about 9 mm. However, the drops at load of about 10 kN and deflection of
about 1 mm showed that the specimens might be failed at this time before collapse.
The type of manner also took place in specimen S2-N1 and S2-N2 at load of about 9.0
kN.
The average value of load (PE) and deflection at mid-span (wE) at failure for all series
are summarized in table on the left of figure 3.26. Based on load capacity of exper-
imental beams, the shear forces of each specimen are calculated and presents in the
diagram on the right of figure 3.26. Shear force of all specimens also decreases with an
increment of a/d.
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3.6. Summary
The experimental study on developing and selecting EPC for the core of TRC-EPC
sandwich beams was performed. EPC sandwich core was combined with one layer
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carbon TRC at the bottom and 6 mm fine HSC at the top layer for experimental
specimens. All layers were used the same HSC as mortar and fabricated in layers by
wet-in-wet method. 3-Point and 4-Point bending tests with a/d from 1.5 to 5.2 were
investigated. The main experimental results are summarized below:
• Both recycled and new EPS beads were tested for developing EPC. The exper-
iments showed that the density was directly proportional to the porosity in EPC
and did not depend on the size or form of EPS beads.
• EPC using recycled EPS beads was able to achieve the same compressive
strength as EPC using new EPS beads with a density around 950 kg/m3.
• The selected EPC with a density 920 kg/m3 was used to realize the concept
of TRC-EPC sandwich beams for 18 experimental specimens. All experimental
specimens exhibited no bond failure between the layers. Using the same mortar
for all layers of sandwich cross section ensured the homogeneity and achieved the
durable bond between the layers without any shear connector device.
• Load capacity of the specimens decrease with the increase of a/d.
• The dependence of failure mode on a/d was proved. The exhibitions of diag-
onal failure in specimens with 3.1≤a/d≤4.1 were similar to those for reinforced
concrete beams without shear reinforcement with 2.5<a/d<5.5. Specimens with
a/d=5.2 exhibited both shear and bending failure. Therefore, it could be a trans-
action failure between the diagonal tension and bending failure.
•Moment at failure of all experimental specimens with a/d<5.2 were smaller than
the nominal moments strength of the cross section. For the specimens with a/d>
4.1, the reason could be the bond destruction of TRC layer. So, load capacities
of the specimens were up to the shear resistance which directly depended on a/d.
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4. FEM models for TRC-EPC sandwich beams
4.1. General
Nowadays, Finite Element Method (FEM) is a popular method to simulate the load
bearing behaviour of normal reinforced concrete structures. However, the application
of FEM models for expanded polystyrene concrete (EPC) structures in general and
sandwich elements using TRC and EPC in particular is still an interesting question.
Thus, the application of FEM for TRC-EPS sandwich beams will be considered using
the FEM software, ATENA version 4.2.2.2 in this section. The software is highly
appreciated in the field of numerical simulations for nonlinear structural analysis of
concrete and reinforced concrete structures due to a high fidelity and friendly graphical
user interface. It is able to analyse both the 2D and 3D continuum structures. In order
to study the load response of one way slabs or beams in bending tests, the 2D models
are less complex than 3D models. Hence, 2D models are chosen for modeling the
experimental specimens in this study.
4.2. Material model for concrete
In ATENA, the material model SBETA is a suggested model for concrete material.
SBETA was originally abbreviated for the analysis of reinforced concrete in German,
StahlBETonAnalyse. With this model, the following concrete properties can be con-
sidered:
- nonlinear behaviour in compression in both hardening and softening length,
- fracture of concrete in tension based on nonlinear fracture mechanics,
- failure criterion under bi-axial stress,
- reduction of compressive strength after cracking,
- tension stiffening effect,
- reduction of the shear stiffness after cracking,
- two type of crack models: fixed crack direction and rotated crack direction.
4.2.1. Compressive strain and stress relationship
For concrete, the uni-axial stress and strain relationship consists of a compressive and
a tensile curve according to the response in compression or in tension. Each curve
composes a softening branch and a hardening branch (see figure 4.1).
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Hardening in compression
The hardening branch of the concrete stress-strain law in compression was recom-
mended by CEB-FIP Model Code 90 (equation (4.1)). It is able to describe a wide
range of curve forms, from linear to non-linear. It is also applied for normal as well as
high strength concrete.
σefc = f
′ef
c ·
k · x− x2
1 + (k− 2) · x x =
ǫ
ǫc
, k =
Eo
Esc
(4.1)
Meaning of the symbols in the formula:
σefc : concrete compressive stress,
f
′ef
c : concrete effective compressive strength at peak stress,
x : normalized strain,
ǫ : strain,
ǫc : strain at peak stress f
′ef
c ,
k : shape parameter, k=1. linear, k=2. parabolic,
Eo : initial elastic modulus,
Esc : secant elastic modulus at peak stress, Esc =
f
′ef
c
ǫc
.
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Figure 4.1.: Uni-axial stress and strain of concrete [32]
Softening in compression
The softening in compression is linearly descending after the compressive strength is
reached. There are two models to define strain softening in compression. The first is
based on the dissipated energy, and the second is based on the local strain softening.
The advantage of the first model is the reduction of the dependence on the finite ele-
ment mesh. The fictitious compression plane model assumes that compression failure
is localized in a plane perpendicular to the direction of principal compressive stress.
In there, post-peak compressive displacements and the energy dissipation will be lo-
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calized with an assumption about the independence of this displacement on the size
of the structures. The assumption is similar to the fictitious crack theory for tension.
According to the theory, the crack-opening law and the fracture energy are defined and
considered as material properties.
s
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Figure 4.2.: Softening displacement law in compression [32]
For compression, the end point of the softening length is identified by the plastic
displacement wd (see figure 4.2). Hence, the required energy to generate a unit area
of the failure plane will be indirectly defined. The value of wd is equal 0.5 mm based
on the experimental investigation of van MIER for normal concrete [114] and is used
as a default value in ATENA to define the softening in compression. The slope of the
softening branch on the stress-strain diagram is defined by two points: at the peak of
the diagram and at the limit compressive strain ǫd when the correlative stress is zero.
The strain is calculated by using the plastic displacement wd and the crack band size
Ld.
ǫd = ǫc +
wd
Ld
(4.2)
The properties of EPC and fine HSC are taken from the experimental results in previous
chapters. For HSC, the results of material tests for heavy tow textile reinforcement in
another project are summarized in table 4.1.
Table 4.1.: Material properties of concrete elements
Properties Unit
The core Face layers
EPC Fine HSC
Compressive strength N/mm2 5.2 84.2
Axial tensile strength N/mm2 0.90 2.76
Elastic module N/mm2 5270 32600
4.2.2. Tensile strain and stress relationship
The hardening and softening of concrete in tension are illustrated in figure 4.3.
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Figure 4.3.: Tensile strain and stress of concrete (a), exponential crack opening law, (b) [32]
Hardening in tension
The tensile behaviour of concrete in this stage is assumed as linear elastic.
σefc = Eo · ǫeq, 0 ≤ σc ≤ f
′ef
t (4.3)
In there:
Eo : the initial elastic modulus of concrete,
f
′ef
t : the effective tensile strength derived from the bi-axial failure function
Softening in tension
There are three softening models of the SBETA material model that could be used :
- Exponential crack opening law,
- Linear crack opening law,
- Linear softening based on strain.
The first model is suggested as the default option for normal concrete. According to an
experimental study of Hordijk on the crack opening, it can be described by following
equation [76]:
σ
f
′ef
t
=
[
1 +
(
c1 ·
wcr
wc
)]
· exp
(
−c2 ·
wcr
wc
)
− wcr
wc
· (1 + c31) · exp (−c2) (4.4)
in there:
wcr : the crack width,
σ : the normal stress in the crack (crack cohesion),
wc : the crack opening at when tensile stress is equal zero,
wc = 5.14 ·
Gf
f
′ef
t
,
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Gf : the fracture energy needed to create a unit area of stress-free crack (as seen
in figure 4.3b),
f
′ef
t : the effective tensile strength.
In ATENA, the opening process of the crack is based on a crack-opening law and the
fracture energy. The fracture process is illustrated in figure 4.3a. In combination with
the crack band theory, the crack width is defined below:
w = ǫcr · L′t, (4.5)
L
′
t = Lt · γ.
In there:
ǫcr : the tensile strain when crack start opening,
γ: a value that depends on the angel between the crack direction and the local
co-ordinate of Finite Element with the default value of 1.5,
L
′
t : the length of failure band for tension.
4.2.3. Bi-axial strain - stress relationship
Failure criterion under bi-axial stress state used for the SBETA material model was
derived by Kupper [101] (figure4.4).
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Figure 4.4.: Bi-axial failure function for concrete model [32]
In the compression-compression stress state the failure function is
f
′ef
c =
1 + 3.65 · a
(1 + a)2
· fck, a =
σc1
σc2
(4.6)
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In the tension-compression region:
f
′ef
c = fck · rec, rec =
(
1 + 5.3278 · σc1
fck
)
(4.7)
In there, rec is the reduction factor for the tensile strength in direction 1 due to the
compressive stress in direction 2.
σc1, σc2 : principal stresses in concrete,
fck : uni-axial cylinder strength.
In the tension-tension state, the tensile strength is constant and equal to the uni-axial
tensile strength fct.
In the tension-compression state, the tensile strength is reduced by the relation:
f
′ef
t = fct · ret (4.8)
ret is a reduction factor for the tensile strength in the direction 1 due to the compressive
stress in the direction 2.
ret = 1− 0.8 ·
σc2
fck
(4.9)
4.2.4. Reduction of shear stiffness due to cracking
Cracks form when the principal stress is greater than the tensile strength. The crack
in the SBETA model is approximated with the fixed crack model or the rotated crack
model. Those models are based on the smeared crack theory with the assumption
of perfect bond between concrete and reinforcement. In the smeared concept, it is
supposed that the cracks will be distributed in material, so the opening process of
cracks indirectly influences the material. The reduced shear stiffness (Gr) is defined as
following:
Gr = rg ·G, rg = c3 ·
−ln
(
1000 · ǫu
c1
)
c2
(4.10)
c1 = 7 + 333 (p− 0.005) , c2 = 10− 167 · (g − 0.005) , 0 ≤ g ≤ 0.02
G =
Ec
2 · (1 + ν) (4.11)
in there:
rg : the shear retention factor,
Gr : reduced shear modulus,
G :initial shear modulus of concrete,
Ec : initial elastic modulus of concrete,
g : the transformed reinforcing ratio, default value: 0.0,
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c3 : the scaling factor of user, default value: 1.
4.2.5. Input parameters for SBETA model
All necessary parameters explained above are summarized in table 4.2. In ATENA,
the default values of the suggested parameters are calculated according to the cubic
compressive strength for concrete grade in CEP-FIP Model Code 90. The application
field of this standard is high strength concrete C55/67 to C100/115 and light concrete
from C8/9 to C80/88, so it can be applied for the fine concrete of the face layers with
a cylinder compressive strength of 84.2 N/mm2. For EPC in the core, the cylinder
compressive strength of 5.2 N/mm2 is not in the suggested application field. Thus, a
material model based on SBETA model using input parameters as listed in table 4.2
will be used for EPC in the FEM models.
Table 4.2.: Input parameters of SBETA model [32]
Parameter Formula Unit
Cubic compressive strength fcu N/mm
2
Cylinder strength fck = −0.85fcu N/mm2
Tensile strength fct = 0.24fcu
2/3 N/mm2
Initial elastic modulus Ec = (6000− 15.5 · fcu)
√
fcu N/mm
2
Poisson coefficient ν = 0.2 -
Compressive strain correlate to f
′ef
c ǫc h
Softening compression wd = −0.0005 m
Type of tension softening exponential, based on Gf
Reduced factor of compressive
strength after cracking
c=0.8
Tension stiffening stress σct = 0 -
Shear retention factor in section 4.2.4
Tension-compression interaction linear
Fracture energy Gf Gf = 0.000025 · ft
′ef MNm
Orientation factor for strain local-
ization
γmax = 1.5 -
4.3. Material model for textile reinforcement
In ATENA, reinforcement can be modeled with a discrete or a smeared model. Ac-
cording to the discrete model, the reinforcement bars, which will be designed by truss
elements, are considered as separated elements. Hence, the bond between them and
the concrete can be defined in the numerical model.
In the smeared model, the reinforcement is considered as a component of a compos-
ite element, reinforcement concrete element where the overlapping volume is ignored.
Their influence will be indirectly calculated in the total stiffness of the composite ele-
ment in the direction where they are smeared.
In both of the two models, uni-axial tensile stress-strain relationship is used for all types
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of reinforcement. The relationship can be modeled with a bi-linear or multi-linear law.
The bi-linear law including an inclined and a horizontal length is normally applied for
steel reinforcement. The multi-linear model as in the left of figure 4.5 can be generally
used for any type of curve. For textile reinforcement, experimental results of three
tensile samples (on the right of figure 4.5) show that the form of the average curve
should be designed using a multi-linear model. The model was also used to calculate
the moment capacity of a restrengthening reinforcement concrete beam utilizing TRC
in a study of Frenzel [59].
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Figure 4.5.: Tensile stress-strain curve of textile reinforcement in ATENA [32] (on the left)
and in experiment [9] (on the left)
4.4. Reinforcement bond model
The bond of reinforcement can be modeled through the bond-slip relationship of rein-
forcement bars and the surrounding concrete with three different bond-slip models:
- Bond-slip according to CEB-FIB model code 1990,
- Bond model suggested by Bigaj,
- A user model is defined by the user.
The first two models are used for normal reinforced concrete based on input data corre-
lating to the concrete compressive strength, reinforcement diameter and reinforcement
type. The average bond stress and slip relationship between textile NMM3-008-10-b1
yarn and fine concrete (Pagel) is illustrated in figure 4.6 that was defined by pull-out
tests in another study [9]. In this study, the bond model is model with the user model
with the experimental results in the table on the right of figure 4.6.
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4.5. Developing FEM models
As analysed in chapter 3, the bond failure between the layers did not occur. So, the
assumption of the perfect bond between the layers is used for all FEM models.
In order to consider the bond between textile and fine HSC in TRC, textile reinforce-
ment is modeled with discrete elements. Hence, there are respectively two types of
materials: concrete and textile reinforcement. Stress-strain relationship of textile rein-
forcement is modeled with multi-linear law (see figure 4.5).
The SBETA material model is applied for fine HSC and EPC. As mentioned above,
the other parameters of SBETA material model can be determined by the cubic com-
pressive strength of concrete, fcu. In the first FEM model (M1), fcu is, thus, used as
the only input parameter with the assumption of perfect bond between the textile re-
inforcement and fine HSC. In FEM model M2 and M3, the tensile strength (fct) and
elastic modulus (E) of fine HSC and EPC according to experimental results (chapter
2) are used. The bond between textile reinforcement and fine HSC in TRC in model
M3 is considered as illustrated in figure 4.6.
Table 4.3.: Used types of FEM models for TRC-EPC sandwich beams
FEM Model M1 M2 M3
Input parameters
fcu
fcu fcu
for concrete element fct fct
E E
The bond in TRC Perfect Perfect figure4.6
The compressive stress and strain of HSC and EPC used in the FEM models are
illustrated in figure 4.7. For HSC, the experimental curves better consented with the
calculated curve as parabola of the default curves applied for model M2 and M3 than
for model M1, although both of them got quite well along with the experimental curve.
However, the curve of EPC modeled linearly for model M2 and M3 agreed better than
the default curve for model M1, because the default curve in ATENA is available only
for lightweight concrete from C8/C9.
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Figure 4.7.: Compressive stress-strain relationship of concretes in the FEM models
The input parameters of the two models are summarized in table 4.4. The meanings of
the symbols in this table are the same as in table 4.2. The cylinder compressive strength
of HSC (Pagel) is calculated by 0.9 cubic compressive strength, fcu= 99N/mm
2.
Table 4.4.: Input parameters for concrete elements of used FEM models
Parameters Unit HSC-M1 EPC-M1 HSC-M2 EPC-M2
(HSC-M3) (EPC-M3)
fcu N/mm
2 -99 -6.1 -99 -6.1
fc N/mm
2 -84.15 -5.2 -84.2 -5.2
fct N/mm
2 5.14 0.8 2.76 0.9
E N/mm2 44430 14590 32600 5270
ν - 0.2 0.2 0.2 0.25
ǫc h -3.79 -0.71 -4.0 -2.71
Gf MNm 1.284E-04 2.003E-05 6.9E-5 2.25E-05
The options for the element mesh and solution parameter of all FEM models are sum-
marized on table 4.5
Table 4.5.: Options for finite element mesh and solution parameter
Finite element mesh Solution parameter
Parameters Option Parameters Option
Finite element type Quadrilateral Solution method Newton-Raphson
Element size for face layer 0.002 m Stiffness/update Tangent/each iteration
Element size for the core 0.01 m Number of iterations 50
Quadrilateral element CCQ10SBeta Error tolerance 0.010
Element shape smoothing on Line search on, with iterations
Thickness 100 mm
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4.6. Result analysis
4.6.1. Series S1
The stress distribution of FEM model M1 for series S1 (S1-M1) at failure (figure 4.8)
clearly indicates the stress flow regarding to the strut and tie model (STM) for normal
reinforced concrete beams without shear reinforcement with the same a/d. Although
the maximum compressive stress appears just beneath the loading points and reaches
46.7 N/mm2, the compressive stress of the inclined strut in the core is approximate
the compressive strength of EPC (5.2 N/mm2). As a result, the compressive failure of
the strut in STM in this FEM model is accordant with the failure in sample S1-N1.
S1-M1
S1-M2
S1-M3
Figure 4.8.: Stress distributions and crack patterns at failure of FEM models for series S1
In model M2, flexural cracks, which are formed in the tensile zone and extended almost
vertically to the loading points, cause the failure. For model M3, a flexural crack
extends to the top layer under the loading point at load step 55 and leads to a sudden
increase up to the ultimate value. It is the reason for the failure of this model.
The appearance of a gently sloping length at failure in the load-deflection diagram of
model M3 (figure 4.9) is an expression of the bond destruction in the TRC layers at
failure. It goes along with the extension of the formed flexural cracks to the top fibre
and leads to a stress redistribution in the compressive zone. As a results, the maximum
compressive stress under the loading points exceeds the compressive strength of 84.2
N/mm2 for fine HSC.
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Figure 4.9.: Load-deflection at mid-span of FEM models and the experimental results of
series S1
Table 4.6.: Responses at failure of FEM models for series S1
Parameters Unit S1-M1 S1-M2 S1-M3 S1-E
Load step - 57 58 55/56 -
Load at failure kN 14.8 15.2 14.0/14.4 14.41
Deflection at mid-span mm 1.8 2.1 3.38/4.98 9.43
Maximum compressive stress N/mm2 46.7 45.4 46/153 -
Tensile stress in textile N/mm2 627 682 751/997 -
Textile displacement at beam ends mm 1.72 1.90 1.99/2 yes
Symbol at failure - S S B-S (Sc)B-Sc
As can be seen in table 4.6, the exhibitions at failure of models M1 and M2 indicate
shear failure (S) because both the tensile and compressive stress are still smaller than
the ultimate values and the appearance of inclined critical cracks. The failure mode
in model M3 is a combination of shear failure and bending failure at the compressive
zone (B-S).
All FEM models could estimate the load capacity of TRC-EPC sandwich beams but
the deflection at failure are very different to the the experimental average values (S1-E).
The difference between the deflection at mid-span in models M2, M3 and M1 indicates
the strong influence of the bond between the textile reinforcement and fine HSC on the
deformation behaviour.
4.6.2. Series S2
In figure 4.10, flexural cracks in model M1 propagate to the loading points and cut
through the cross section, which lead to a reduction of the load bearing capacity. The
effect can be seen as a drop in the load-deflection diagram at mid-span at failure (figure
4.11).
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S2-M1
S2-M2
S2-M3
Figure 4.10.: Stress distributions and crack patterns at failure of FEM models for series S2
In models M3 and M2, the quick development of flexural cracks to the top of the
compressive fiber under the loading points is the reason for failure. An increase of the
textile displacement at the ends (table 4.7) of the specimens and the gently sloping
lengths at failure in figure 4.11 are clear signs for a bond failure between the textile
and the fine HSC in the TRC layer at the end of failure process, because the tensile
stress in textile is still smaller than the tensile strength of TRC. That agrees with the
great slip of the textile at the end of the experimental specimens.
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Figure 4.11.: Load-deflection at mid-span of FEM models and the experimental results of
series S2
In models M2 and M3, the bending failure (B) in compression occurs just beneath the
loading points.
In comparison with the other models, both of load capacity and load-deformation
diagram of model M3 agrees well with the average experimental curve (S2-E). The
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Table 4.7.: Responses at failure of FEM models for series S2
Behaviours Unit S2-M1 S2-M2 S2-M3 S2-E
Load step - 59 59/60 47/48 -
Load at failure kN 15.53 11.79/12.03 9.3/9.5 10.02
Deflection at mid-span mm 2.06 3.8/5.0 3.4/6.1 11.66
Maximum compressive stress N/mm2 56.6 58.0/94.7 44.3/244 -
Tensile stress in textile N/mm2 678 685/714 606/621 -
Textile displacement at beam ends mm 2.1 2.2/4.8 2.1/4.73 yes
Symbol at failure - Sc B-Sc B-Bo B-Sc
expressions at failure shows a combination of bending failure and bond failure of the
textile reinforcement (B-Bo). The best agreement of the diagram in model M3 with
experimental curve shows the advantage of FEM models with considering the bond
between the textile reinforcement and the fine HSC in the TRC layer.
4.6.3. Series S3
The stress distribution and crack pattern with crack widths greater than 0.1 mm of
series S3 are illustrated in figure 4.12.
S3-M1
S3-M2
S3-M3
Figure 4.12.: Stress distributions and crack patterns at failure of FEM models for series S3
In model M1, a sign for bending failure (B) is precisely indicated by the compressive
failure under the loading point on the top layer. The development of flexural cracks
through the core at mid-span causes to a strength reduction of the core and then leads
to the increase in compressive stress on the top layer under the loading points. Hence,
the failure mode of model M1 is bending failure in compression.
The failures in model M2 and M3 happen as the compressive stress on the top and the
tensile stress in textile reinforcement are smaller than the strength of the materials.
That is a typical sign of shear failure (S). The exhibition of the failure can be recognized
by the drops on the load-deformation diagram (figure 4.13).
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Figure 4.13.: Load-deflection at mid-span of FEM models and the experimental results of
series S3
In comparison with the average experimental result (S3-E), the deflection at failure
can be well predicted by all FEM models (table 4.8). However, the load capacity is
well estimated with model M2 and M3, meanwhile it is overestimated in model M1.
Furthermore, a good agreement in the load-deflection diagram and the responses at
failure in table 4.8 for model M2 and M3 indicate that both models are capable to
independently simulate on the bond between the textile reinforcement and fine HSC.
Hence, the models M2 and M3 are suitable for modeling specimens of series S3.
Table 4.8.: Responses at failure of FEM models for series S3
Behaviours Unit S3-M1 S3-M2 S3-M3 S3-E
Load step - 51/53 39/40 40/41 -
Load at failure kN 10.2/10.6 7.78/6.92 7.99/7.23 7.89/8.43
Deflection at mid-span mm 2.3/2.86 2.9/3.1 2.98/3.21 1.65/2.28
Maximum compressive stress N/mm2 58/85.83 36.5/37.2 37.0/38.0 -
Tensile stress in textile N/mm2 711/750 557/573 596/611 -
Textile displacement at beam ends mm 1.5/1.76 1.84/1.91 1.84/1.92 yes
Symbol at failure - B S S B-DT
4.6.4. Series S4
The general characteristic of the crack pattern at failure of model M1 and M2 (figure
4.14) is the extension of a critical crack into the top layer as the compressive stress
on the top layer under loading points exceeding the compressive strength of fine HSC.
The failures happen meanwhile the stress of the textile reinforcement is smaller than
the tensile strength (table 4.9). Hence, the failure mode in these models is bending
failure (B) in compression.
In model M3, both of the maximum compressive stress of HSC on the top layer and ten-
sile stress of textile at failure are smaller than the strength of the correlative materials.
Thus, the failure mode in this model is shear failure (S).
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S4-M1
S4-M2
S4-M3
Figure 4.14.: Stress distributions and crack patterns at failure of FEM models for series S4
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Figure 4.15.: Load-deflection at mid-span of FEM models and the experimental results of
series S4
Table 4.9.: Responses at failure of FEM models for series S4
Behaviours Unit S4-M1 S4-M2 S4-M3 S4-E
Load step - 52/53 41/42 39 -
Load at failure kN 10.4/10.8 8.2/8.6 7.79 10.21
Deflection at mid-span mm 7.7/8.8 10.28/10.29 9.78 8.5
Maximum compressive stress N/mm2 57.6/395 39.9/200 43.2 -
Tensile stress in textile N/mm2 939/1090 766/788 747 -
Textile displacement at beam ends mm 3.0/3.2 2.83/2.84 2.6 -
Symbol at failure - B B S (B-DT)/DT
In figure 4.15, the load-deflection response of model M1 agrees well with the average
experimental curve (S4-E). In models M2 and M3, the load capacity is underestimated
although the deflection at failure is approximately the one of experimental results. The
similarity of the load-deflection curve for model M3 and model M2 manifests that the
load response is similar in the FEM models with or without using the assumption of
perfect bond in the TRC layer. However, the model M3 with a simulation for the bond
84
4.6 Result analysis
between the textile yarns and fine HSC exhibits the failure mode more exactly than
the others.
4.6.5. Series S5
In series S5, the critical cracks are inclined cracks which originated from flexural cracks
and propagate to the loading points at failure (figure 4.16). The maximum compressive
stress of the top layer at points beneath the loading points in all models exceed the
compressive strength of fine HSC (84.2 N/mm2) as the tensile stress of the textile is
smaller than its tensile strength (see table 4.10). Hence, the failure mode of all FEM
models is bending failure (B) in compression.
S5-M1
S5-M2
S5-M3
Figure 4.16.: Stress distributions and crack patterns at failure of FEM models for series S5
Table 4.10.: Responses at failure of FEM models for series S5
Behaviours Unit S5-M1 S5-M2 S5-M3 S5-E
Load step - 42/43 30/31 30/31 -
Load at failure kN 8.42/8.61 6.0/6.2 6.0/6.2 7.57
Deflection at mid-span mm 12.81/17.96 7.39/8.86 7.49/10.62 7.9
Maximum compressive stress N/mm2 64.4/113 44.3/128 46.2/119 -
Tensile stress in textile N/mm2 1067/1028 714/740 872/793 -
Textile displacement at beam ends mm 3.55/4.92 2.90/3.11 3.13/4.6 yes
Symbol at failure - B B B B-DT
In general, the average load-deflection curve of the experimental specimens (S5-E) is
close to the one of model M1 although it is still in the range between the response of
model M1 and M3 (figure 4.17). The similar responses of model M3 and M2 show that
there is no influence of the bond-slip response of the TRC layer on the load-deflection
response and load capacity in FEM models of series S5.
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Figure 4.17.: Load-deflection at mid-span of FEM models and the experimental results of
series S5
At a load of 6.0 kN, the deflection at mid-span in model M2 and M3 significantly
increases compared to the increase of the load capacity. That can be seen by the gently
sloping lengths before failure in the load-deflection diagrams. Hence, the exhibition at
failure is the same as for bending failure of normal reinforced concrete beams with the
yielding of the flexural longitudinal reinforcement. In this case, the tensile stress in
textile yarns is still smaller than the tensile strength. Hence, the reason could be the
bond destruction between the textile yarns and the fine HSC, because the load capacity
is approximately the estimated bond resistance for series S5 of 6.54 kN as analysed in
chapter 3.
The load capacity of the specimens is overestimated in model M1 and underestimated
in model M2 and M3. Furthermore, the deflections at mid-span at failures in model
M2 and M3 are closer to the average experimental result than in model M1. Thus, the
models are more suitable to simulate the load behaviour than model M1.
4.6.6. Series S6
Crack figures and stress distributions of all FEM models at failure are presented in
figure 4.18.
S6-M1
S6-M2
S6-M3
Figure 4.18.: Stress distributions and crack patterns at failure of FEM models for series S6
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The critical crack in these models develops from a flexureal crack along with increasing
of the stress in both the tensile and the compressive layer, and extends through the
core to loading points. Moreover, the values of the maximum compressive strength in
the top layer and tensile strength of textile (table 4.11) manifest the bending failure in
compression in the models (B).
Table 4.11.: Responses at failure of FEM models for series S6
Behaviours Unit S6-M1 S6-M2 S6-M3 S6-E
Load step - 38/39 30/31 28/29 -
Load at failure kN 7.6/7.8 5.99/6.19 5.6/5.8 5.84
Deflection at mid-span mm 11.08/12.48 13.64/16.63 10.13/12.73 10.87
Maximum compressive stress N/mm2 76.7/85.7 63.9/269 84.6/100 -
Tensile stress in textile N/mm2 1127/1154 914/952 943.7/985 -
Textile displacement at beam ends mm 3.69/3.77 3.68/3.66 3.78/4.6 -
Symbol at failure - B B B B-DT
Unlike the bending failure in tension of normal reinforced concrete beams, the gently
sloping lengths in models M2 and M3 do not manifest the yielding of the flexural
longitudinal textile, because the tensile stresses of the textile in all models are still
smaller than the tensile strength of TRC. As for series S5, the exhibition can be related
to the bond destruction of TRC. The bond resistance of TRC according to the embed
length of textile yarn at the support for series S6 of 4.07 kN is smaller than the load
at failure, so the bond failure between the textile yarns and fine HSC causes to the
sloping lengths.
0
1
2
3
4
5
6
7
8
9
0 2 4 6 8 10 12 14 16 18
Lo
a
d
,
P
(k
N
)
S6-M1
S6-M2
S6-M3
Displacement at mid-span, w (mm)
S6-E
S6-E: the average experimental curve
S6-M1
S6-M2
S6-M3
Figure 4.19.: Load-deflection at mid-span of FEM models and the experiment of series S6
The load capacities of the specimens in model M2 and M3 are closer to the average
experimental result (S6-E) than in model M1. Their load-deflection diagrams are sim-
ilar and underestimate the experimental curve. Hence, load capacity can be estimated
by using the FEM model without considering the bond in the TRC layer. However,
the deflection at failure in model M3 is closer to experimental results than its in model
M2.
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4.6.7. Summary
Three FEM models were used to simulate the load response of TRC-EPC sandwich
beams. M1 is the simplest model due to using only the compressive strength for
modeling concrete elements. For model M2, more typical properties of EPC and fine
HSC such as: the elastic modulus, the tensile strength and the compressive strain and
strength relationship are used. The perfect bond between textile and fine HSC in TRC
is assumed for model M1 and M2. However, the experimental bond-slip relationship
between textile and fine HSC was applied in model M3. The results are presented in
tables 4.12 and 4.13.
Table 4.12.: Result comparison of FEM models and experiments for group G1
Parameter Unit
S1 (a/d=1.5) S2(a/d=2.1) S3(a/d=2.6)
M1 M2 M3 M1 M2 M3 M1 M2 M3
FEM models at failure
Calculated load, PC kN 14.8 15.20 14.4 15.53 12.03 7.99 10.20 7.78 7.99
Calculated deflection, wC mm 1.80 2.10 4.98 2.06 5.0 6.1 2.3 2.9 2.98
Sign of failure mode - S S B S B B-Bo B S S
Experimental results at failure
Load PE kN 14.41 10.02 8.44
Deflection, wE mm 9.43 11.6 2.28
Sign of failure mode - (Sc)/B-S B-S B-S
Simulation ability of FEM models
Compare (PC − PE)/PC % 1 3 -2 34 15 -28 17 -8 -6
Compare (wC − wE)/wC % -406 -333 -168 -463 -132 -90 1 21 23
Table 4.13.: Result comparison of FEM models and experiments for group G2
Parameter Unit
S4(a/d=3.1) S5(a/d=4.1) S6(a/d=5.2)
M1 M2 M3 M1 M2 M3 M1 M2 M3
FEM models at failure
Calculated load, PC kN 10.40 8.20 7.79 8.42 6.0 6.00 7.60 5.59 5.60
Calculated deflection, wC mm 7.7 10.28 9.78 12.81 7.39 7.49 11.08 13.64 10.13
Sign of failure mode - B B S B B B B B B
Experimental results at failure
Load PE kN 10.21 7.57 5.84
Deflection, wE mm 8.50 7.9 10.87
Sign of failure mode - (B-DT)/B (B-DT)/B B-DT
Simulation ability of FEM models
Compare (PC − PE)/PC % 2 -25 -31 10 -26 -26 23 -4 -4
Compare (wC − wE)/wC % -10 17 13 38 -7 -5 2 22 -7
The failure modes in FEM models are determined based on the maximum compressive
stress on top layer and tensile stress in textile reinforcement. Similar to experimental
crack patterns, the critical cracks in the FEM models are flexural cracks, which extend
to the loading points, where the compressive stress is the maximum. The stress exceeds
the compressive strength of fine HSC leading to bending failure in compression (B).
However, it is hard to confirm because the stress or strain at this point could not be
measured in the experiments. If the stress is smaller than the compressive strength of
fine HSC, shear failure (S) must have taken place in the specimens.
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Table 4.14.: Load and deflection tolerance of FEM models at failure
Model S1 S2 S3 S4 S5 S6
a/d 1.5 2.1 2.6 3.1 4.1 5.1
Load tolerance (%)
M1 1 34 17 2 10 23
M2 3 15 -8 -25 -26 -4
M3 -2 -28 -6 -31 -26 -4
Deflection tolerance (%)
M1 -406 -463 1 -10 38 2
M2 -333 -132 21 17 -7 22
M3 -168 -90 23 13 -5 -7
As can be seen in table 4.14, the failure loads for model M1 are overestimated with
a tolerances from 1 to 34 %. The results for model M2 and M3 are underestimated
with the smaller correlative tolerances in a range of -26 % and -31 %. The results are
more reasonable and safer than the results of model M1. Hence, the FEM models using
not only the compressive strength but also the tensile strength, compressive stress and
strain cure, elastic modulus should be applied to estimate the load capacity of TRC-
EPC sandwich beams. Furthermore, the load tolerance of model M3 and model M2
are quite similar. Hence, the assumption of a perfect bond between the textile yarns
and the fine HSC is also applicable for the FEM models.
The deflection at mid-span in model M1 is also inaccurately calculated for three of 6
series which are highlighted in table 4.14. However, the calculated results for the others
get well along with experimental results with impressive tolerances, around 10 %. For
model M2 and M3, the tolerances are well distributed for the specimens with a/d>2.5
and the correlative maximum value of 22 and 23 %. The models are also not suitable
for specimens with a/d≤2.1 due to the high tolerances (≥ 90%). Nevertheless, the
load-deflection diagram for the specimens with model M3 agree better than the with
the others (figure 4.9 and 4.11).
4.7. Conclusions
• All FEM models (M1, M2 and M3) can be used to analyze the failure mode
and evaluate the load capacity of TRC-EPC sandwich beams with tolerance 34
%, -26 % and -31 % respectively. Both models M2 and M3 with more input
parameters give more reasonable results because the load-deflection responses
of the experimental specimens are underestimated. However, the deflection at
failure and the failure mode are more accurately predicted with model M3.
• The following input parameters and assumptions are available in the simplest
FEM model to estimate the load capacity:
- Perfect bond between the layers of the sandwich cross section,
- Perfect bond between textile and fine HSC in TRC layer,
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- TRC is considered as separated elements: concrete and textile reinforcement,
- A multi-linear model is used for modeling uni-axial tensile stress-strain of
TRC,
- The SBETA model is applied for HSC and EPC elements. The compressive
strength is used as the only input parameter.
• Although, the bond between the textile and fine HSC is considered (model M3),
it is hard to estimate the deflection at failure for specimens with a/d≤2.1.
• For specimens with a/d≥2.6, the differences in the deflections and loads at
failure in the FEM model with (M3) and without (M2) considering the bond
between the textile and fine HSC are not remarkable. The correlative maximum
tolerances for the deflections in the models are 22 % and 23 % respectively.
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5. Prediction of the shear capacity of TRC-EPC
sandwich beams
5.1. General
As analysed in chapter 3, moments at failure of all experimental specimens were smaller
than the nominal moment strength of the sandwich cross section. For TRC-EPC sand-
wich beams with a/d ≥ 2.1, inclined critical cracks indicate effects of shear failure.
According to the sandwich theory, the shear capacity is ensured by a durable bond
between the core and face layers and the shear strength of the core. Calculation possi-
bilities for both using current approaches will be implemented in this chapter. It will
be verified their application capacity for this type of sandwich beam.
5.2. Calculation approaches
For TRC-EPC sandwich, using the same fine HSC as mortar in the core and face layers
ensures the homogeneity of the cross section. The 6 mm thick TRC face layer is small
compared with the 88 mm thick EPC core. Hence, the proposal model to calculate
the shear strength of a TRC-EPC sandwich using only EPC is safely considered. Main
current approaches to calculate shear strength of beams without shear reinforcement
are introduced and applied in this section.
5.2.1. European standard
To calculate the shear capacity of beams without shear reinforcement, three following
standards are compared.
• Euro code CEB-FIB Model Code 1990 [1]
VRd,ct =
[
0.15 ·
(
3.d
a
)1/3
· κ · (100 · ρ1 · fck)1/3
]
· bw · d (5.1)
• German standard DIN 1045-1:2008 [49]
VRd,ct =
[
0.15
γc
· κ · η1 · (100 · ρ1 · fck)1/3 − 0.12 · σcd
]
· bw · d (5.2)
≥ (η1 · υl,min + 0.12 · σcd) · bw · d
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• DIN EN 1992-1-1-1:2011 [50]
VRd,ct =
[
0.18
γc
· κ · η1 · (100 · ρ1 · fck)1/3 − 0.15 · σcd
]
· bw · d (5.3)
≥ (η1 · υl,min + 0.15 · σcd) · bw · d
with:
υl,min = 0.035 · κ2/3 · flck1/2 k1 = 0.15
η1 : a coefficient that takes into account the oven-dry density of the LC (ρ)
η1 =
{
1 for normal concrete
0.4 + (0.6 · ρ) /2200 for lightweight concrete
γc : the safety factor, for concreteγc = 1.5
ρ1 : the steel reinforcement ratio = Asl/(bw · d)
κ : = 1 +
√
200/d ≤ 2.0 with d in mm
Asl : the area of the longitudinal reinforcement
bw : the beam width, in mm
d : the effective depth, in mm
σcd : normal stress, σcd = NEd/Ac inN/mm
2
NEd : normal force caused prestressed or external force
The shear capacity depends on slenderness, the ratio a/d, and was used in primary
version standard (equation (5.1)). The reduced factor cd =
0.15
γc
is conservatively sug-
gested instead of cd =
0.196
γc
which based on a statistical analysis of an experimental
database of Hegger et al. [68]. The ratio of calculated shear strength to experimental
results versus a/d is summarized on research of Rombach inn figure 5.1 [140].
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Figure 5.1.: Dependence of the calculated shear capacity according to DIN 1045-1-2008 on
a/d, is summarized by Rombach and Latte[140]
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5.2 Calculation approaches
5.2.2. American standard ACI 318-05
The shear strength (Vc) is based on an average shear stress on the full effective cross
section, b·d (b and d are the width and the effective depth of cross section). A simple
lower-bound average shear stress at diagonal cracking depends on the cylinder com-
pressive strength (fck) as in following equation. This well-known equation is reasonable
lower bound for smaller slender beams that are not subjected to axial load and have
at least 1% longitudinal reinforcement:
Vc
d · b = υc =
√
fck
6
[MPa] (5.4)
In ACI 3018-05, shear strength of members without shear reinforcement is assumed to
be carried by the concrete web. The subjected loads on the member are only shear and
flexure.
Vc = (0.16
√
fck + 17ρl ·
Vu · d
Mu
) · bw · d [MPa] (5.5)
but not greater than 0.29
√
fck · bw · d
Vc = 0.17
√
fck · bw · d [MPa] (5.6)
These equations are available for
√
fck not exceeding 8.3 MPa. It can be applied only for
normal concrete because of the lack of test data and practical experience for concrete
with compressive strengths greater than 70 MPa. The application condition is the value
of Vu/Mu, which should not be taken greater than 1.0, where Mu occurs simultaneously
with Vu at considered section. For non-prestressed members, sections located less than
a distance d from face of support shall be permitted to be designed for Vu computed
at the distance d. Meaning of three variables in this equation:
-
√
fck is a measure for concrete tensile strength,
- ρl is a ratio of Asl, area of non-prestressed longitudinal tension reinforcement, to
area of effective cross section b · d,
- Vu/Mu and ρw influence on shear strength.
In studies of Kani, some research data indicates that it overestimates the influence
of fck and underestimates the influence of ρl and Vu/Mu [90]. However, other studies
indicate that the shear strength decreases as the height of the member increases [89].
In practice, it is convenient to assume that the second term of equation (5.5) equals
0.01
√
fck and Vc is calculated with equation (5.6).
In section 11.2.1.2 of ACI-318-05 for lightweight concrete, when fct is not specified, all
values of
√
fck are multiplied by 0.75 for all-lightweight concretes and 0.85 for sand-
lightweight concretes.
5.2.3. Strut and tie model
Strut-and-tie model or truss model (STM) is a well-known method for calculating dis-
turbed areas such as at supports areas, deep beams. Nevertheless, it was also acceptable
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for beam areas. A research of Specht on this model showed that the method is very
suitable for beams with shear to depth ratio (a/d) in a range of 1.5- 2.5. Besides,
the influence of compressive strength and effective depth on shear capacity is signif-
icant [155]. Experiments with a/d from 1 to 7 to observe the influence of the ratio
on shear strength showed the effectiveness of the model in cases of a/d smaller than
2.5. For long-span beams without shear reinforcement, the force flow is represented by
compressive struts and perpendicular ties presented by the concrete tensile strength
[7]. For example, Al-Nahlawi and Wight [5] proposed a truss model with concrete
compressive struts inclined (35o−45o) or (30o−60o) in the research of Specht ([155])
and concrete ties are perpendicular to the struts as in figure 5.2.
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≤ 1.5d
dT 1
T 2
a a
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Tie
p
30
o
60
o
ts
Figure 5.2.: Strut and tie model as the suggestion of Specht [155]
The failure in the ties occurs when their maximum tensile stress is equal to the tensile
strength of the concrete with the assumption of no softening in tension and redistribu-
tion of forces. Assumptions were made concerning the constant width of the tension
tie. Specht proposed a new general equation to estimate the shear capacity at failure
based on analysis of experimental results and calculated formula for tensile strength of
Rimmel, as follows:
sF = 3.26 + 0.106 · ln(100ρl · fct,sp/d) (5.7)
fct,sp = 2.22ln (1 + fcm/10) (5.8)
VRd,ct =


a/d ≥ sF = V3Rd,F =
2.2
ln (100d)
· bw · d · (100ρl)1/3 · ln
(
1 +
fcm
10
)
[MN]
a/d ≤ 1.51 = V1Rd;F =
16.7
ln (100d)
· bw · d · (100ρl)1/3 · ln
(
1 +
fcm
10
)
· sinϑ
kt
[MN]
1.51 < a/d < sF = V2Rd;F = V1Rd,F − V3Rd,F ·
(
sF − a/d
sF − 1.51
)sF
[MN]
(5.9)
ρl = As/(bd) : longitudinal reinforcement
30o ≤ ϑ = acrtag(0.875
a/d
) ≤ 60o
fcm : average cylinder compressive strength [ N/mm
2]
d : effective depth [m]
kt = 0.6 · (ts/d)−1/3 ≥ 0.85 for element without shear reinforcement equal 1.0
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Ensuring that 95 % experimental values are higher than calculated values, the values
2.2 and 16.7 in equation (5.9) will be replaced by 1.0 and 7.8 respectively.
5.2.4. Tooth model
A tooth or comb-like model was first developed by Kani in 1964 for slightly reinforced
concrete beams [88], [90], [89]. The compressive part of a beam under flexural loading
can be described as a backbone of a comb, while the tension zone represents the teeth of
the comb where each concrete tooth is fixed in the bone and separated from each other
by flexural cracks, as illustrated in figure 5.3. If it is supposed that the bond between the
steel reinforcement and the concrete is perfect, the teeth can be described as cantilevers
loaded by a simple horizontal load ∆T. Kani supposed that the maximum resistance
of the concrete tooth is reached as the tensile stress reached the tensile strength of
the concrete in the neutral axis. As load increases, the concrete teeth break off and
the load reaches the ultimate value meanwhile the steel reinforcement starts to yield.
However, for shorter beams, the tensile stresses in the reinforcement is smaller than
the steel tensile strength and the calculated model is gradually changed to an arch tie
mechanism, as illustrated on the right of figure 5.3. Based on experimental results,
Kani concluded that the change in failure mechanism occurs for shear span-to-depth
ratios of 2.5.
P
P P
P P
C
DT
R
Figure 5.3.: Tooth model developed by Kani in case: a/d≥ 2.5 (Left) and a/d < 2.5 (right)
[88]
In 1968, a research of Fenwick and Paulay confirmed the idea of Kani of the tooth
and remaining arch mechanism [55]. They specified that in slender long-span beams
approximately 20 % of shear resistance resulted from the compressive zone, while 60 %
caused from the shear transfer mechanism by aggregate interlocking across the crack
and a maximum of 20 % from dowel action. Based on the approach,Reineck developed
a following formula to estimate the shear capacity [135]. However, lightweight concrete
is not considered in this approach.
VRd,ct =
0.4 · bw · d · fct +Vdo(
1 + 0.16
fct
fck
· λ ·
(a
d
− 1
)) (5.10)
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in there,
λ =
fck · d
Es · ρl · wu
(5.11)
Vdo
bw · d · fck
= 1.4 · ρl
8/9
fck
2/3 · d1/3
(5.12)
fct = 0.264 · fck2/3: tensile strength
wu = 0.9 mm : crack widen
Vdo is the shear resistance of the dowel action of the longitudinal reinforcing bars
crossing the cracks. Research on using TRC for shear strengthening of Brueckner
believed that, this action of textile reinforcement is not remarkable [24]. So in cal-
culated application for EPC cross section using textile reinforcement as longitudinal
reinforcement, it will be ignored.
5.2.5. Model based on shear strength of compressive zone
Based on studies of Hillerborg about fracture energy of concrete, Zink proposed a
fracture mechanics model to calculate the shear strength of cracked normal and high
performance concrete beams that concerns the portion of the shear resistance of the
Fracture Process Zone (FPZ) [175].
d
FPZ
45
o
Vdo
T
x
z
sx
C
Vo
0.
3
-0
.5
l chV
M
x
s1
txz
t sxz 1 ct(max) = = f
j < 45
o
Figure 5.4.: Shear resistance distribution in cross section according to Zink’s model [175]
Shear strength of the concrete member was not only provided by the section under
compression but also the FPZ by using factors k(lch/d). Shear slenderness was also
considered through factor k(a/d) as following
VRd,ct = Vo · k(a/d) · k(lch/d) =
2
3
bw · x · fct ·
(
4 · d
a
)0.25
·
(
5 · lch
d
)0.25
(5.13)
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with:
Vo =
2
3
bw · x · fct : Shear resistance of compressive zone
x = d · ρ · Es
Ec
(√
1 +
2 · Ec
ρ · Es
− 1
)
: compressive stress contribution is linear
fct: axial tensile strength of concrete according to [137] as following equation:
fct = 2.12 · ln (1 + fc/10) fc: in MPa (5.14)
lch = Ec ·Gf/fct2 :the material characteristic length of concrete
Gf =
{
0.307 mm · fct for fc ≤ 80MPa
143 N/m for fc > 80MPa
: concrete fracture energy
This model was applied to calculate shear capacity of Hybrid FRP-Lightweight Con-
crete Sandwich in a study of Schaumann [142]. In there, characteristic lengths of
150 mm and 40 mm were assumed for the sand lightweight aggregate concrete and all
lightweight aggregate concrete respectively.
5.2.6. Fracturing Truss Model
Bazant presents a calculation model based on dimensional analysis of the energy
release rate and analyzing the diagonal shear failure of concrete beam according to
fracture mechanics studies. The shear crack is supposed to propagate with a dispersed
zone of micro cracks at the peak of the crack [19]. Thus, the shear capacity of longi-
tudinal reinforced beams mainly originates from the compressive concrete zone. The
approximate size effect law is derived by an asymptotic analysis of the dependent of
the energy release rate on size effects [18]. As a result, the shear capacity with a
consideration of the maximum diameter of aggregate is formulated.
VRd,ct
bw · d ·
√
fc
= 1.104 · ρl3/8 ·
(
1 +
d
a
)
· 1√
1 + d/d0
d in mm (5.15)
with d0 = 528.7 ·
√
Dmax · fc−2/3 Dmax in mm
Analysis, comparison with experimental results and calculation with this model were
also implemented to propose an equation for design code [20], [21]. The size effect
was studied and applied to estimate the strength of laminate-foam sandwich plates
[22]. A new model as a combination of models suggested by Bazant and Muttoni
is proposed to apply for normal concrete beam in research of Latte and Rombach
[140].
5.2.7. Calculated shear capacity of TRC-EPC sandwich beams
In this section, the above approaches will be analysed to predict the shear capacity of
EPC-TRC sandwich beams as a reinforced concrete element without shear reinforce-
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ment. Although there are two thin HSC face layers in the cross section, it is assumed
that there is only EPC in the cross section. The textile yarns in TRC layer play a role
as longitudinal reinforcement. The calculated results are summarized in table 5.1 and
5.2 with the notes for each approach as following:
1. CEB-FIB 1990
- Using equation (5.1) with the reduced factor 0.15 is substituted by 0.196
because the average values is used instead of design value of compressive
strength.
- The modified factor for lightweight concrete depends on the concrete density
is ignored, η1=1
- The impact of slenderness a/d could be estimated directly through factor(
3 · d
a
)1/3
.
- Impact of tensile strength is estimated through fck
1/3.
2. DIN-EN 1992 (similar to DIN 1045-1 2008)
- Using equation (5.2) and (5.3)
- The modified factor for lightweight concrete is depended on density of con-
crete η1=1
- The impact of slenderness a/d could be estimated indirectly through factor
γc = 1.5 to ensure that 95% test results is greater than that.
- Impact of tensile strength is estimated through fck
1/3.
3. ACI 318-05
- Using equation (5.5)
- The modified factor for lightweight concrete is 0.75 (correlated to all lightweight
concrete)
- The influence of slenderness a/d through Mu/Vu is not so much. In fact it
could be estimated through factor (1/6) to ensure that 95% test results are
greater than that
- Impact of tensile strength is estimated through
√
fck.
4. Strut and tie model
- Using equation (5.9) of Specht and Scholz was developed from strut and
tie model.
- Factor kt, in case unknown support condition at loading point, is taken equal
1.
5. Tooth model
- Using equation (5.10) of Reineck was developed from tooth model.
- Elastic modulus of textile is equal 189867 N/mm2. When the concrete tooth
appeared, it was assumed that elastic modulus in cracked textile concrete
from experimental results is in a range from 80000 to 189867 N/mm2
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- Shear resistance of the dowel action of longitudinal reinforcement is ignored
for textile.
6. Fracture mechanics model
- Using equation (5.13) of Zink was developed from Hilerborg.
- The height of compressive stress zone is around 15 mm. It based on the
stress distribution on cross section (figure 3.21). However, in calculation the
compressive zone is safely chosen the same as the height of the top layer of
6 mm.
7. Fracturing Truss Model
- Using equation (5.15)
- Maximum aggregate is 1 mm
Table 5.1.: Shear capacity according to standards and experimental results
Series a/d
V CEB-FIB1990 DIN-EN1992 CEB-FIB1990 DIN-EN1992 ACI 318-05
(P/2) (η1 = 0.65) (η1 = 0.65) (η1 = 1.0) (η1 = 1.0) (η1 = 0.75)
Unit - kN kN kN kN kN kN
S1 1.55 7.34 3.02 1.62 4.64 2.48 2.79
S2 2.06 5.31 2.75 1.62 4.22 2.48 2.76
S3 2.58 3.94 2.55 1.62 4.39 2.48 2.74
S4 3.09 5.18 2.40 1.62 3.69 2.48 2.72
S5 4.12 3.85 2.18 1.62 3.35 2.48 2.71
S6 5.15 3.13 2.02 1.62 3.11 2.48 2.70
Table 5.2.: Shear capacity according to calculation approaches and experimental results
Series a/d
V STM Reineck Bazant Zink
(P/2) (MV) 1990 2006 2000
Unit - kN kN kN kN kN
S1 1.55 7.34 7.83 1.79 2.95 4.33
S2 2.06 5.31 4.00 1.23 2.66 4.03
S3 2.58 3.94 2.48 0.94 2.49 3.81
S4 3.09 5.18 2.18 0.76 2.37 3.64
S5 4.12 3.85 2.18 0.55 2.23 3.39
S6 5.15 3.13 2.18 0.43 2.14 3.20
Estimation according to standards
The comparison of the calculated shear capacity according to the standards with the
experimental shear force of all series at failure are illustrated in figure 5.5.
The shear capacities of beams with 1.5<a/d≤5.2 are underestimated by DIN-EN 1992
and ACI 318-05 with the correlative reduced factor for lightweight concrete. The results
according to DIN-EN-1992 with the reduced factors applied for lightweight concrete
(η1 = 0.65) are more conservative in comparing with ACI 318-05. Meanwhile, the
calculated results using equation of CEB-FIB 1990 are more reasonable for almost all
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Figure 5.5.: Calculated shear capacity according to current standards and experimental
results
series because the influence of a/d is directly considered in the calculated equation.
With the consideration of the reduced factors for lightweight concrete the same as
DIN-EN-1992, η1 = 0.65, CEB-FIB 1990 brings the calculated results in the middle of
DIN-EN-1992 and ACI 318-05.
Estimation according to calculation approaches
The comparison of calculated results according to current approaches and experimental
shear forces are presented in figure 5.6.
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Figure 5.6.: Calculated shear capacity according to current approaches and experimental
results
Almost calculated results are smaller than the experimental results. However, the cal-
culated results according to CEB-FIB 1990 and Zink’s model show a good suitability
to determine the shear capacity of TRC-EPC sandwich beams with a/d≥2.5. However,
for the beams with (1.5≤a/d≤2.1), the results according to STM are clearly more rea-
sonable than the others. The difference of calculated shear capacities and experimental
results are presented in table 5.3.
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Table 5.3.: Tolerance of calculated shear capacities and experimental results
Series a/d
Compare to P/2
CEB-FIB 1990 STM Zink
(η1 = 1.0) (MV)
Unit - % % %
S1 1.55 -58 6 -70
S2 2.06 -26 -33 -32
S3 2.58 -1 -59 -4
S4 3.09 -41 -137 -42
S5 4.12 -15 -77 -14
S6 5.15 -1 -44 2
5.3. Suggested equation for shear capacity of TRC-EPC sandwich
beams
The general characteristic of the experimental specimens at failure is the extension of
a critical crack to the top layer. Thus, the moment strength of sandwich cross section
is based on the compressive and tensile force in the faces layers as shown in figure 5.7.
a
z d
T
P/2
C
V=P/2
Criticalcrack
Figure 5.7.: A simple calculation model for the shear capacity of TRC-EPC sandwich beams
The analysis in chapter 3 showed the perfect bond between the core and the bottom
layers. Besides, the load capacity of the experimental specimens depended on a/d and
the moment at failure of no specimen with a/d<5.2 was the greater than the nomi-
nal moment strength of the sandwich cross section. The sign of the bond destruction
between the textile reinforcement yarn and fine HSC Pagel-TF10 could be seen in
some specimens. When the a/d reaches to 8.75, bending failure in tension happens,
if the material in compressive layer is designed enough to avoid bending in compres-
sion. To simplify, the load capacity is only relating to the tensile strength of textile
reinforcement and a/d and following assumptions are used to defined the load capacity:
- Perfect bond between the EPC core and TRC face layers,
- Perfect bond between the textile reinforcement yarn and fine HSC Pagel,
- z≈d due to the small thickness of the face layers,
- The dependence of the load capacity on a/d is considered with a factor κ
(a
d
)
.
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As a result, an equation for the shear capacity is suggested.
(V) =
P
2
=
T · z
a
≈ T · d
a
= κ(
a
d
) · σtu · Atex ·
a
d
(5.16)
in there:
Atex : area of tensile textile reinforcement
σtu :tensile strength of tensile textile reinforcement
κ
(a
d
)
:reduced factor that depends on
a
d
The κ
(a
d
)
is defined by the statistics analysis using experimental data. Besides the
experimental result were implemented in this study, the experiments of Jesse on this
type of sandwich beam with were used as a database to define κ
(
a
d
)
.
In study of Jesse, the sandwich beams with shear slenderness from 2.5 to 12.5 were
implemented on 2 cm×10 cm cross section. There are three layers: 2 mm TRC,
16 mm EPC with density around 250 kg/m3, and 2 mm TRC [81]. TRC layer is
a combination of fine HSC (Pagel) and glass textile reinforcement that has tensile
strength and correlated area are 1000 N/mm2 and 2.29 mm2. In this study, the
tensile strength and correlated area are 1343 N/mm2 and 16.47 mm2. As a result,
κ
(
a
d
)
= 0.3 · ( a
d
)0.4
was suggested for equation (5.16) in order to ensure that 95% of
the predicted results are smaller than the experimental results (figure 5.8).
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Figure 5.8.: Experimental and calculated results according to the suggested equation
In comparison with the calculated results according to CEB-FIB 1990 and Zink’s
model, the calculated results of the suggested equation are feasible (figure 5.9). How-
ever, some problems still remain such as:
- The coefficient κ(
a
d
) is based on statistics, so it needs more experiments to im-
prove and verify.
- Influence of the effective depth, d, on the shear strength has not been noticed
yet.
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- Reduced coefficient for different lightweight concrete that depends on the density
has not been considered.
Those constrains need the implementation of more experimental results for this type
of sandwich beam.
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Figure 5.9.: Calculated shear capacities and experimental results in comparison
5.4. Bond resistance between the core and TRC layer
According to the European standard DIN-EN 1992-1-1, the shear capacity of bond
between two layers (υRdi) needs to be greater than the design value (υEdi) as a following
requirement:
υEdi ≤ υRdi
υEdi = β · VEd/ (z · b) (5.17)
in there:
β: ratio of compressive force on one concrete of layer and the total compressive
force (in this case, β =1 for rectangular cross section)
VEd: design value of shear force
z: lever arm
b: the width of bonding interface
υRdi = c · fct + µ · σn + ρ · fyd · (µ · sinα + cosα) ≤ 0.5 · υ · fct (5.18)
in which,
fct: tensile strength of concrete
σn: compressive stress in direction perpendicular to bonding interface
ρ = As/Ai
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As : area of reinforcement perpendicular with bonding interface with available
anchor length in both of layers
Ai : area bearing shear force
α: angle of reinforcement and interface
υ: reduced factor of concrete strength
c and µ coefficients depend on the roughness condition of bonding interface:
- very flat: 0.025 ≤ c ≤ 0.1 and µ = 0.5;
- flat: c=0.2 and µ = 0.6;
- rough: c=0.4 and µ = 0.7;
- interlocked: c=0.5 and µ = 0.9.
For TRC-EPC sandwich beam, no shear connector device is used. The bond resistance
is only created by the bond between the EPC core and the fine HSC. Moreover, for
a beam under bending load, the relative compressive pressure between the layers is
ignored, so the equation to define bond resistance can be simplified as following
υRdi = c · fct ≤ 0.5 · υ · fct (5.19)
In this study, the core and the face layers are simultaneously fabricated and the same
mortar is used in order to gain a durable bond. In order to estimate the bond resistance
between the layers, a comparison between the experimental shear force and the calcu-
lated results is shown on the left of figure 5.10. In the calculations, the coefficient for the
roughness c = 0.4 is assumed. The calculated results are smaller than all experimental
results as seen on the left of figure 5.10. If a reduced coefficient for lightweight concrete,
η = 0.4+0.6×920/2200 = 0.65 is also considered, the bond resistance of experimental
samples will be underestimated.
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Hence, the shear capacity according to the bond resistance between the core and skin
layer of TRC-EPC sandwich beam with a/d ≤5.2 can be estimated by using equation
(5.19), coefficient for the roughness, c=0.4 and η=0.65. However, it is better predicted
by the calculated results according to the suggested equation or CEB-FIB 1990 due to
the consideration of a/d.
5.5. Discussion and conclusion
Above calculations and assumptions about shear capacity of beam without shear re-
inforcement and bond resistance between the core and the face layers according to
current standard and some approaches were implemented. Those two strengths will be
the basis to define the shear capacity of TRC-EPC sandwich beam.
5.5.1. Shear capacity of beam without shear reinforcement
Although it depends on shear slenderness, almost standards can be used to estimate
shear capacity by using the equation for reinforced concrete beams without shear rein-
forcement.
• European standards:
- All the calculated shear capacity using the current standards were underesti-
mated experimental results for beams with a/d ≤5.2.
- The calculated results according to CEB-FIB Model Code 1990 [1] achieve
more reasonable results than DIN-EN 1992-1 [50] and ACI 318 [2] due to using
the factor directly related to a/d.
- Using current equations in Model Code 1990 and in correlative reduced factors
for lightweight concrete η=0.4+0.6×ρ/2200 are able to conservatively predict the
shear capacity of TRC-EPC beams with 1.5≤a/d≤5.2.
• American standard ACI 318-05:
- For beams with a/d ≤5.2, calculated results underestimate the shear capacity.
- Influence of lightweight concrete is directly considered by reduced coefficient of
0.75 for all-lightweight concretes and 0.85 for sand-lightweight concretes.
- In this study, calculated results according to ACI 318-05 are close to EC2 (DIN-
EN 1992-1-1) without concerning the density of concrete (η=1.0).
• Some current shear calculation approaches:
- For 1.5 ≤ a/d ≤2.0, the calculation according to the strut and tie model give
the most suitable results in comparison with the other models (the tolerance in
table 5.2).
- For a/d ≥ 2.0, application according to Zink’s model got well along with
experimental results than the others. The results are very similar to CEB-
FIB Model Code 1990’s results and do not consider the density of concrete,
η=0.4+0.6×ρ/2200.
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- A new suggested equation using a reduced factor κ
(
a
d
)
= 0.3 ·( a
d
)0.4
to calculate
the shear strength for the specimens in this study as well as in the experiment
of Jesse raised a potential prediction of shear capacity of TRC-EPS sandwich
beams. However, more experimental investigations are needed to clarify the in-
fluence of the effective depth, and the density of EPC.
5.5.2. Bond resistance between the EPC core and TRC layer
For this type of sandwich beam, fabricating all layers by wet in wet method and the
using same fine HSC as mortar for all concrete layers ensured a durable bond between
the core and the TRC layers. Experimental results in chapter 3 for the TRC-EPC
sandwich beams with a/d=5.2 showed that the bond was remained until the failure.
• Equation (5.19) according to DIN-EN 1992-1-1 using a coefficient for the rough-
ness, c=0.4, can be applied to estimate the bond resistance of TRC-EPC sandwich
beams.
• In the cases, considering the influence of lightweight concrete (η=0.65), the
bond resistance is underestimated. If this reduced factor is ignored (η=1.0), the
calculated results will well consent with the experimental results (figure 5.10).
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6.1. General
TRC was early applied for the face layers of sandwich beams using thermal mortar
for the core in 3-point bending tests of Jesse [81]. However, a calculation model to
evaluate the load capacity and the load response for this type of sandwich beam was
not implemented.
Expanded polystyrene (EPS), extruded polystyrene (XPS) and polyurethane (PUR)
were also applied for the core because of their special advantages such as low density
and thermal conductivity in researches of Hegger and his colleague at RWTH Aachen
university. In order to estimate the bending response of this type of sandwich elements,
Hostmann [77], [78], [80] developed a numerical model based on the linear sandwich
theory of Stamm [156].
In researches of Mu¨ller, TRC and UHPC were applied for the face layers of sandwich
elements. Extruded polystyrene foam (XPS) with a density in the range of 32- 45
kg/m3 is used for the core. The bond between the core and face layers is consolidated
using epoxy resin. Calculated results according to sandwich theory using weak core of
Wo¨fel [168] and the FEM models indicated a good agreement with the experimental
results [96], [119], [120], [121].
Polyurethane foam core with density in a range of 80- 200 kg/m3 was combined with
TRC layer for sandwich panels. It is an ongoing study of Finzel about impact of
quasi-static and dynamic loading on this type of sandwich. The bond between core
and face layers is ensured by epoxy resin. Two FEM models using software ANSYS
and NMK (an FEM system models developed by Ha¨ussler-Combe) are adopted to
simulate the load bearing behaviour [57], [58].
In this study, the bending test for TRC-EPC sandwich beams are implemented. Al-
though almost all critical cracks in the experimental specimens were flexural cracks, the
moment at failure of all specimens were smaller than the nominal moment strength.
Therefore, the FEM models were studied to apply for this type of sandwich beams
in chapter 4. An analysis of the load capacity according to the shear resistance was
concerned in chapter 5. Target of this chapter is to develop a new engineering model
that can predict the load response without using a special FEM model.
6.2. Calculation according to linear sandwich theory
With the development of the FEM, sandwich elements can be calculated even with
inhomogeneous and anisotropic material models. However, for a simple system, linear
107
6 An engineering model for the load-deflection response of TRC-EPC sandwich beams
sandwich theory is still an intelligible and good solution [173]. Hence, its feasible
application for TRC-EPC sandwich will be considered and analyzed.
6.2.1. Assumptions of linear sandwich theory
- The deflection can be divided into two parts, which originate from the influence
of shear and bending moment.
P
x
y
P
P
Sheardeformation
Bending deformation
+=
Figure 6.1.: Deformations of a sandwich beam: shear and bending deformation
- Materials of all layers are considered as linear elastic materials (homogeneous and
isotropic).
- Deformations are small. The relationship between the strain and deflection is
linear.
- Bending moment will be carried by the face layers through tensile and compressive
stress on the top and the bottom layers. The shear force is taken by the core
(figure 6.2).
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Figure 6.2.: Stress distribution in sandwich cross section
- The face layers are flat and parallel. Due to the membrane effect and thin face
layers, it is assumed that the normal stresses are uniformly distributed on the
face layers as seen in figure 6.2
108
6.2 Calculation according to linear sandwich theory
- The definition of thin face layers in sandwich element are as following:
Langlie [102] t/hc < 1/20 and w < L/200
Zenkert [173] t/hc < 1/(10÷ 50) and Ef/Ec = 50÷ 100
Allen [6] very thin: z/t>100 ; thin: 5.77 < z/t < 100 ; thick: z/t<5.77
- Normal stress in core is neglected. Distribution of shear stress in the core is
constant like shown in figure 6.2.
- The core of the sandwich panel is not compressed. All the dimensions of the
sandwich section are constant and do not depend on the subjected load during
the calculation process.
- The sandwich beam is considered as a one-dimensional structure. Hence, all
variable parameters only depend on the longitudinal co-ordinate (x).
- It is supposed that external load acts on sandwich beam as a shear force. The
differential equations are established according to the first theory (Th I).
- During the loading process, the cross sections of each layer is always even mean-
while the sandwich cross section is not.
6.2.2. Calculation for 3-Point bending test
In this section, linear sandwich theory according to Stamm will be applied to calculate
3-Point bending test [156]. Input parameters of the calculation model are illustrated
in figure 6.3.
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Figure 6.3.: Symbols for calculation of 3-Point bending test
The bending and shear deformation are determined according to following equations.
wI,II= wM + wQ (6.1)
wI =
F · L3
B
· 1
6
· (1− ε) · ξ · (2 · ε− ε2 − ξ2)
+
F · L3
B
· 1
α · λ2 (1− ε) · ξ −
F · L3
B
· 1
α · λ3 .
sinhλ(1− ε)
sinhλ
· sinhλξ (6.2)
wII =
F · L3
B
· 1
6
· ε · (1− ξ) · (−ε2 + 2ξ − ξ2)
+
F · L3
B
· 1
α · λ2 · ε · (1− ξ)−
F · L3
B
· 1
αλ3
· sinhλε
sinhλ
· sinhλ (1− ξ) (6.3)
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γI =
F · L2
B
· β ·
(
1− ε− sinhλ · (1− ξ)
sinhλ
· cosh (λ · ξ)
)
(6.4)
γII =
F · L2
B
· β ·
(
−ε+ sinhλ · ε
sinhλ
· cosh (λ · (1− ξ))
)
(6.5)
In there,
ε =
e
L
, ξ =
x
L
, λ =
√
1 + α
α · β ,
αt =
Bt
Bs
, αb =
Bb
Bs
, αb,t = αt + αb, β =
Bs
Sc · L2
(6.6)
Shear and flexural rigidity of the sandwich cross section with dimensions as illustrated
in figure 6.3 are defined as following:
Sc = Gc.
b.a2
hc
Shear stiffness of the core (6.7)
Gc =
Ec
2 (1 + υ)
υ : Poisson factor (υ = 0.25) (6.8)
Bb,t = Eb,t.Ib,t Flexural stiffness of face layers (6.9)
Bc = Ec.Ic Flexural rigid of the core (6.10)
Ib,t =
b.t3b,t
12
Ic =
b.h3c
12
(6.11)
Bs=
Et.At.Eb.Ab
Et.At+Eb.Ab
.z2 Flexural stiffness of sandwich effectiveness (6.12)
B = Bs + Bt+Bb Flexural stiffness of sandwich cross section (6.13)
Ec ,Et,b : Elastic modulus of material in the core, top, and bottom layers.
For EPC, the Poisson’s ratio υ = 0.25 is defined by horizontal and vertical strains that
were measured on the compressive experiment (see appendix A.3).
Equivalent elastic modulus of TRC layer
In case the face layer consists of more than two different materials like TRC in the
bottom layer, Bb will be calculated by equivalent elastic modulus (Eeq) to consider the
normal stiffness of the textile reinforcement. Eeq is determined as following assump-
tions:
- Force equilibrium: T = Fc + Ftex
- Elastic material: Fc = Ec · Ac Ftex = Etex · Atex
- Strain compatibility: ε = εc = εtex
In there, E, A, ε are elastic modulus, area, and strain of fine HSC concrete and textile
reinforcement respectively with correlated index c and tex in turn. Based on those
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assumptions, the force in TRC can be defined as:
T = Fc + Ftex = ε · (Ec · Ac + Etex · Atex) = ε · Ac ·
(
Ec + Etex ·
Atex
Ac
)
(6.14)
= ε · Ac · Eeq
⇒ Eeq = Ec + Etex ·
Atex
Ac
(6.15)
In the equations, the occupied volume of textile in fine concrete is ignored.
Elastic modulus of textile reinforcement
In reality, textile reinforcement is not an elastic material. The results of tensile exper-
iments on the left of figure 6.4 show that the behaviour under pure tensile force can
be considered as bi-linear. This model was proposed to the calculated load capacity
of TRC components by Zilch [174] and also used for FEM models in the research of
Frenzel [59].
For heavy tow NVM3-008-10-b1, the average value of the elastic modulus is variable
from E1 to E2 as see on the right of figure 6.4. E1 and E2 are correlated modulus as
the first crack appears (1) and at the failure (2).
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Figure 6.4.: Calculated Tensile stress-strain curve of textile reinforcement NVM3-008-10-b1
The linear sandwich theory was applied for TRC-EPC sandwich beam with two differ-
ent material models for textile reinforcement according to two states: before cracking
(M1) and after cracking (M2).
For model M1, the equivalent elastic modulus of the bottom layer is calculated out
according to equation (6.15) with Etex=E1. As a result, the normal stiffness of the
bottom layer is Eb · Ab = Eeq · Atex.
In model M2, the normal stiffness of the bottom layer on the cracked section originates
only from the textile reinforcement, Eb · Ab = Etex · Atex = E2 · Atex. The calculate re-
sults for series S3 and S6 are illustrated in figure 6.5. Both models M1 and M2 are not
able to evaluate the load response of this kind of TRC-EPC sandwich beam.
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Figure 6.5.: Calculated deflections at mid-span using linear sandwich theory
6.2.3. Constraints of linear sandwich theory
Linear sandwich theory is applicable for elastic materials with assumptions of the con-
stant bending and shear stiffness of the sandwich beams. In this case, TRC is a
composite material which consists of textile reinforcement and fine HSC. So before
cracking, the elastic modulus of the bottom layer can be calculated with the equivalent
elastic modulus as mentioned above. However, after cracking, the sandwich theory is
not applicable due to followings problems:
• Bending stiffness of the beam is not constant
After cracking, the elastic modulus of TRC is variable from E1 to E2 (figure 6.4)
and depends on the magnitude of subjected load. It leads to a change of the
calculated bending stiffness of the sandwich effectiveness according to equation
(6.12). Therefore, the general bending stiffness is indirectly up to the subjected
load.
• Shear stiffness is not constant
In equation (6.7), the shear stiffness of the core is constant due to the assumptions
of constant dimensions of the cross section and the shear modulus of the core
material. In this case, the tensile strength of the bottom layer (TRC) is smaller
than the tensile strength of the core, so the cracks, which form in the bottom
layer, will cut through the EPC core. The shear stiffness of the cracked section
will be strongly reduced leading to a reduction of the general shear stiffness of
the beam.
Due to these constraints, linear sandwich theory can not be directly applied for TRC-
EPC sandwich beam. However, some suggestions will be proposed in the next section
to deal with these problems and to develop a new engineering model for this type of
sandwich beams.
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6.3. Modifications of linear sandwich theory for TRC-EPC
sandwich beams
6.3.1. Divided beam elements and load increments
As mentioned above, the appearance of cracks in the bottom layer along the longitu-
dinal axis is the reason for a reduction of the general bending and shear stiffness. In
order to determine the location of the cracked section, the beam should be divided into
many small elements with the length ∆L.
The bending stiffness depends on the subjected load, so the load should be divided into
many small load steps (∆F) to determine the correlated bending stiffness (figure 6.6).
The number of elements and load step will be defined, nL = L/∆L, nF = F/∆F. The
indexes for a load step and an element are i (i = 1− nL) and j (j = 1− nF).
I
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Figure 6.6.: Load increment ∆F for 3-Point bending test
By the way, the stress in the face layers of a beam element j after every load increment
(∆F) will be defined based on normal force ([Nt,b]i,j) and moment ([Mt,b]i,j) at correlated
position along the longitudinal axis of each element at load step i as following equations:
[σc]i,j = [σc]i−1,j + [∆σc]i,j (6.16)
in there:
[σc]i−1,j: stress on face layers of element j at load step i-1
[∆σc]i,j: stress increment on face layers due to affect of load increment ∆F
[∆σc]i,j =
[∆Nt,b]i,j
At,b
±
[∆Mt,b]i,j
Wt,b
(6.17)
At,b: area of top (t) or bottom layer (b)
Wt,b =
It,b
tt,b/2
It,b: moment of inertia of top (t) or bottom layer (b)
[∆Nt,b]i,j: Increment of normal force is proportional to moment and uniformly
distributed on face layers of element j at load step i
[∆Nt,b]i,j =
[∆Mt,b]i,j
z
=
[∆Mt,b]i,j
(hc + tt/2 + tb/2)
(6.18)
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Moment increment along the longitudinal axis according to ∆F is defined by following
equations.
[∆Mt,b]i,j =
{
[∆Mt,b,I]i,j if xj ≤ e;
[∆Mt,b,II]i,j if xj ≥ e.
(6.19)
[∆Mb,t,I]i,j = ∆F · L ·
[αb,t]i,j
1 + αi,j
·
[
(1− εi,j) · ξi,j +
sinh (λi,j · (1− εi,j))
αi,j · λi,j · sinhλi,j
· sinh (λi,j · ξi,j)
]
(6.20)
[∆Mb,t,II]i,j = ∆F · L ·
[αb,t]i,j
1 + αi,j
·
[
εi,j · (1− ξi,j) +
sinh (λi,j · εi,j)
αi,j · λi,j · sinhλi,j
· sinh (λi,j · (1− ξi,j))
]
(6.21)
In there, the parameters related to the stiffness and location of beam element j along
the longitudinal axis are calculated in equation as follows,
εi,j =
ei,j
L
=
ej
L
; ξi,j =
xj
L
; λi,j =
√
1 + αi,j
αi,j · βi,j
;
αt,i,j =
Bt,i,j
Bs,i,j
; αb,i,j =
Bb,i,j
Bs,i
; [αb,t]i,j = αt,i,j + αb,i,j; βi,j =
Bs,i
Sci · L2
(6.22)
The top layer of TRC-EPC sandwich beam is not influenced until the critical cracks
extend to the top compressive fiber, so the bending stiffness of the top layer can be
calculated as below
Bt,i,j = Et · It = Et · b ·
tt
3
12
(6.23)
The other parameters will be changed along with the development and opening of
cracks originating from the TRC layer. It leads to a change of the bending and shear
stiffness (Bs,i,Bb,i,j, Sci) of each element after load step i. That will be considered in
the next sections.
6.3.2. Bending stiffness of the beams after cracking
Unlike the assumptions of the linear sandwich theory, the bending stiffness of the
bottom layer (TRC) is not constant due to cracking. If the stress in the TRC layer
defined by equation (6.16) is greater than the tensile strength of concrete, flexural
cracks will appear. The development of cracks in the TRC layer of a divided beam
element with the length of ∆L is illustrated in figure 6.7. Bending and normal stiffness
of the bottom layer (Eb · Ib and Eb · Ab) correlating to the conditions of the TRC layer
are also changed and specified as given in table 6.1.
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Figure 6.7.: Crack development in the TRC layer
Table 6.1.: Bending and normal stiffness of the TRC layer
State Condition Eb · Ib Eb · Ab
S1 Before cracking Eb ·
b · tb3
12
Ec · (b · tb) + Etex · Atex
S2 At cracking Eb ·
b · x3
12
Ec · (x · tb) + Etex · Atex
S3 Cracked 0 Etex · Atex
The thickness of the TRC layer is just a few millimeters. To simplify the calculation,
the state S2 (after cracking) is ignored and the bending and the normal stiffness of the
bottom layer are defined in two states: before cracking and cracked. The appearance
of a cracked element j at load step i results in a stiffness reduction of the bottom layer,
Bb,i,j, as well as the general bending stiffness due to the reduction of Bs,i,j.
Bb,i,j =

 Eb · b ·
tb
3
12
before cracking
0 cracked element
(6.24)
Bs,i,j =


Et · At · (Eb · Ab + Etex,i,j · Atex)
Et · At + (Eb · Ab + Etex,i,j · Atex)
· z2 before cracking
Et · At · Etex,i,j · Atex
Et · At + Etex,i,j · Atex
· z2 cracked element
(6.25)
The elastic modulus of textile reinforcement at load step i of element j (Etex,i,j) will be
recalculated according to strain-stress relationship of TRC as shown in figure 6.4 based
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on stress and strain of textile, σtex,i,j, εtex,i,j
Etex,i,j =


E1 before cracking;
σtex,i,j
εtex,i,j
cracked element.
(6.26)
σtex,i,j = Nb,i,j/Atex with Nb,i,j = Nb,i−1,j +∆Nbi,j (6.27)
εtex,i,j =


1000 · σtex,i,j
E1
in case σtex,i,j < 200N/mm
2;
2.5 + 1000 · σtex,i,j · (σtex,i,j − 200) in case σtex,i,j ≥ 200N/mm2.
(6.28)
The value of Bs,i is recalculated after every load step. In this study, it is supposed
that the effect of a cracked beam element at correlated longitudinal co-ordinate on Bs,i
is proportional to the beam displacement at the correlated element at load step i-1,
wi−1,j:
Bs,i =
nL∑
j=1
Bs,i,j · wi−1,j
nL∑
j=1
wi−1,j
(6.29)
Displacement at load step i of element j (∆wi,j) depends on the position of this element
compared with the loading point like in figure 6.6
wi,j =
{
wi−1,j +∆wi,j(I) in case xj ≤ e;
wi−1,j +∆wi,j(II) in case xj ≥ e.
(6.30)
∆wi,j(I) =
∆F · L3
Bi
·
[
1
6
· (1− εi,j) · ξi,j ·
(
2 · εi,j − εi,j2 − ξi,j2
)
+
1
αi,j · λi,j2
(1− εi,j) · ξi,j
]
− ∆F · L
3
Bi
· 1
αi,jλi,j
3
· sinhλi,j(1− εi,j)
sinhλi,j
· sinhλi,jξi,j (6.31)
∆wi,j(II) =
∆F · L3
Bi
·
[
1
6
· εi,j · (1− ξi,j) ·
(
εi,j
2 + 2 · εi,j − ξi,j2
)
+
1
αi,j · λi,j2
· εi,j · (1− εi,j)
]
− ∆F · L
3
Bi
· 1
αi,jλi,j
3
· sinhλi,j · εi,j
sinhλi,j
· sinhλi,j(1− ξi,j) (6.32)
In there, εi,j, ξi,j, αi,j, λi,j are defined by using equation (6.22). The general bending
stiffness of sandwich beam after load step i, Bi will be changed.
Bi = Bs,i + Bc,i + (Bu,i + Bo,i) (6.33)
The bending stiffness of the core after load step i (Bc,i ) depends on the crack state in
the TRC layer. As the tensile strength of fine HSC is greater than of EPC, flexural
cracks appear simultaneously in the TRC layer and in the EPC core. After cracking,
Bk,i strongly reduces and depends on the height of cracks in the core. To simplify, it is
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assumed that the bending stiffness of the core does not exist anymore.
Bki =

Ec ·
b · hc3
12
before cracking
0 after cracking
(6.34)
Bending stiffness of the bottom and the top layer Bb,i and Bt,i (2·107 Nmm2) are very
small compared with Bs,i (8 · 1010 Nmm2) so both of them are dissembled to simplify
formula of Bi. Normally, the bending stiffness of the core (Bc) is ignored, however, in
this study, it should be considered because of its significant value (2.9 · 1010 Nmm2).
6.3.3. Shear stiffness of the beams after cracking
Before cracking, the shear stiffness of element j is calculated normally. When the flex-
ural cracks originating from the TRC layer appear and propagate to the compressive
layer, hk changes consequently. However, linear sandwich theory assumes that all di-
mensions of the cross section are constant. Hence, this problem will be dealt with in
this section.
According to assumptions of linear sandwich theory, the effect of moment only influ-
ences the face layers and the effects of shear force only impact on the core. As a result,
the distribution of stress and strain on the cracked cross section are illustrated in figure
6.8.
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Figure 6.8.: Strain and stress distribution in cross section of cracked element j
The distribution height of the shear stress after cracking (hc
′) is smaller than before
cracking (hc) due to the rising of the neutral axial towards the compressive layer. To
ensure the assumption that the dimensions of the sandwich cross section are constant
during the calculating process, a reduced shear modulus (Gc,crack) is proposed to cal-
culate the shear stiffness of element j at load step i, Sc,i,j, as following
Sc,i,j =


Gc ·
b · z2
hc
before cracking
Gc,crack ·
b · z2
hc
after cracking
(6.35)
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Gc,crack depends on the height of the compressive zone on the cracked cross section hc
′
as following equations:
Gc,crack =
hc
′ ·Gc
hc
(6.36)
Strain distribution in figure 6.8 is based on Bernoulli’s principle. Thus, hc
′
will be
drawn by the relationship between the dimensions and strains at the cross section:
hc
′
+ tt
εc
=
d− (hc + to)
εtex
(6.37)
⇒ hk
′
= εc ·
(
d− (hc + to)
εtex
)
− to (6.38)
In there, the textile strain (εtex) and compressive strain of concrete (εc) at the time
right after cracking on TRC layer are defined by:
εc =
σc
Eb
=
fct
Eb
(6.39)
εtex =
σtex
Etex
=
Ztex
Etex · Atex
=
fct · b · tb
E1 · Atex
(6.40)
fct : uni-axial tensile strength concrete at the bottom layer
E1 : elastic modulus of textile reinforcement before cracking (figure 6.4)
The general shear stiffness of the sandwich beam at load step i, Sc,i is recalculated. It
is supposed that Si is proportional to the beam displacement at the correlated element
at load step i-1, wi−1,j:
Sc,i =
nL∑
j=1
Sc,i,j · wi−1,j
nL∑
j=1
wi−1,j
(6.41)
6.3.4. Calculation process for TRC-EPC sandwich beams
With the above modifications, the general bending and shear stiffness are recalculated
with equations (6.29) and (6.41) after load step i. In there, the stiffness reduction
of the cracked element and the change of the elastic modulus in the bottom layer
are considered by equations (6.25) and (6.26). As a result, the original linear theory
changes into a non-linear sandwich theory that can be used for this type of sandwich
beam. The algorithm for the calculation process is reviewed as a flow chart in figure
6.9. All calculations will be performed using MATLAB version 7.8.0.
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Figure 6.9.: Flow chart for the suggested model
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In the previous section, some important modifications were proposed to calculate TRC-
EPC sandwich beams in 3-Point bending test. A 4-Point bending test is considered as
two 3-Point bending tests by using collaborated principles as illustrated in figure 6.10.
P1= P/2
e1
P2 = P/2
x x /Lj j j, =x
e2
P/2 P/2
M
M1
M1
+
=
e2
e1
L= nL. LD
Figure 6.10.: Calculation model for 4-Point bending test
6.4. Analysis and choice of the input parameters
6.4.1. Load increment ∆F:
Theoretically, ∆F can be chosen freely. In fact, it is the parameter mostly influencing
the accuracy of calculated results. For instance, if the number of load increments is
equal to one, the calculation will be the same as linear sandwich theory because all the
above modifications have not been implemented. Hence, using many load steps will
lead to a better solution. However, for iterative calculations, a great iteration number
causes to a longer calculation process and loses its advantage of simplicity compared
to FEM.
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Figure 6.11.: Calculated results of suggested model with different load increments
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6.4 Analysis and choice of the input parameters
In order to study the effect of ∆F, the element length is kept as a constant (∆L= 20
mm) but different load increments (∆F) were carried out trials. The application for
calculation models of series S6 is displayed in figure 6.11. Displacement tolerances at
mid-span between the calculated (wF) and experimental results (wE), ∆w =
wF − wE
wE
caused by different ∆F are summarized on table 6.2.
Table 6.2.: Influence of different load increments in comparison
∆F Running time After cracking At failure
kN minute:second w(F=1.8 kN) ∆w w(F=6.0 kN) ∆w
mm % mm %
0.05 94:40 0.91 14 8.59 -1%
0.2 04:19 0.70 -13 8.08 -7%
0.3 02:35 0.58 -27 7.72 -11%
0.6 00:45 0.37 -54 6.58 -24%
For ∆F = 0.2 kN, even though required calculation time increases insignificantly, the
calculated results are better compared with ∆F = 0.3 kN. Moreover, the accuracy
in this case is approximate as in the case of ∆F = 0.05 kN but evidently needs less
calculation time. Hence, ∆F = 0.2 kN is chosen for the suggested model.
6.4.2. Length of divided element, ∆L
In order to study the effect of ∆L, calculation models for series S6 with ∆F = 0.2
kN and ∆L varied from 10 to 250 mm are implemented. The calculation results are
illustrated on the left of figure 6.12 showing that ∆L should be chosen smaller than
50 mm. In case ∆L ≥ 50 mm, the number of element nL is too small, so the reduced
stiffness of the cracked element is significant after every load step. As a result, the
calculated displacements will be greater than the experimental values.
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Figure 6.12.: Calculated load-deflection response of suggested models using different load
increments
More details of the calculated results are shown on the right of figure 6.12 indicating
that the difference between calculated results on suggested models are not remarkable,
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for ∆L ≈ 20 mm. Regarding the calculation time, the distinction in case ∆L = 20 mm
and in case ∆L = 25 mm is not significant. However, the correlated calculated time is
around 9 minutes clearly smaller than 30 minutes in case ∆L = 10 mm (see table 6.3).
Hence, ∆L = 20 mm is chosen for next calculations.
Table 6.3.: Calculated requirement time of suggested models with different ∆L
∆L Running time
minute:second
10 30:10
20 09:06
25 11:00
6.5. Calculated results
6.5.1. Load capacity and failure mode
As analysed in chapter 3, the failure can originate from three types: flexural failure,
shear failure, and the bond destruction in the TRC layer. As mentioned above, the
bond failure in TRC is not considered due to the assumption of the strain compati-
bility between the textile reinforcement and the surrounding fine concrete. Thus, the
suggested model is able to consider bending or shear failures.
Load capacity according to bending failure, [PB]
For the suggested model, the signs of failure are recognized by the values of the cal-
culated compressive stress of concrete on the top layer or tensile stress of textile rein-
forcement on the bottom layer of an individual divided element i at load step j, σt,i,j
and σtex,i,j. When one of these stresses reaches the ultimate strength of the materials,
fck and σtu , the load values correlated to load step i will be the load capacity of beam
due to bending failure (PB).
The maximum compressive stress and strain of concrete (σt,M, εt,M) and the maximum
tensile stress in textile σtex,max correlative to PB are summarized and compared with
experimental loads at failure (PE) in table 6.4. In there, the load and displacement
tolerance is defined as ∆P = (PB − PE)/PE. The load capacity of the experimental
specimens can be acceptably predicted with a tolerance of about 22 %.
Table 6.4.: Responses of suggested models at bending failure
Series PB σt,max σt,M(εt,M) σtex,max PE ∆P
kN N/mm2 N/mm2(h) N/mm2 kN %
S1 15.2 -84.5 -59.65(1.82) 720.8 14.36 6
S2 13.0 -84.61 -38.47(1.18) 833 10.64 22
S3 7.2 -85.5 -85.5(2.62) 658 8.52 -16
S4 10.8 -84.44 -42.11(1.29) 1041.4 10.37 4
S5 9.2 -86.5 -47.67(1.46) 1182 7.62 21
S6 4.82 -84.65 -84.65(2.59) 766.2 5.9 -18
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None of the tensile stress in textile reinforcement in table 6.4 reaches the tensile strength
showing flexural failure in compression. In 4-point bending tests, for instance, the
compressive stress or strain at mid-span for series S4, S5 did not approach the ultimate
value of fined HSC (figure 6.13). The average measured strains of S4 and S5 by using
strain gauges (1.35 h and 1.68 h) confirm that the compressive failure did not appear
at mid-span. For 3-Point bending test (S6), it did not confirm because the positions
right under loading points could not be measured. The calculated compressive stress
(σt) in mid-span cross sections are similar to results of the FEM models (see table 6.5).
Table 6.5.: Calculated results of suggested models and FEM models
Series
Suggested model FEM model (M3)
PB σt σtex P σt σtex
Unit kN N/mm2 N/mm2 kN N/mm2 N/mm2
S4 10.8 -42.11 1041.4 7.79 -43.2 747
S5 9.2 -47.67 1182.0 6.0 -46.2 872
S6 4.82 -84.67 766.2 5.6 -84.6 943
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Figure 6.13.: Compressive stress distribution in the top layer along longitudinal axis
Load capacity according to shear capacity, [PS]
On the other hand, the load capacity also depends on the shear capacity of the beam.
As analysed in chapter 5, the calculated values according to the proposed equation are
more reasonable than Zink’s model. Hence, it is used to estimate the shear resistance
for the suggested model. The load capacity [P] will be the minimum values of [PB] and
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[PS]. The calculated results are presented in table 6.6.
[P] = min([PB], [PS])
[PB] = ∆F · i if σt,i,j = fck or σtex,i,j = σtu
[PS] = 2 · VS = 2 · 0.3 ·
(a
d
)0.4
· σtu · Atex ·
a
d
(6.42)
Table 6.6.: Load capacity and failure mode of suggested models
Series a/d PB PS [P] PE Failure mode ∆P
- kN kN kN kN Suggested model Experiment %
S1 1.5 15.2 10.2 10.2 14.41 S B-S 29
S2 2.1 15.8 8.6 8.6 10.02 S B-S 16
S3 2.6 7.2 7.52 7.2 8.44 B/S B-S 15
S4 3.1 10.8 6.72 6.72 10.21 S DT 34
S5 4.1 9.2 5.68 5.68 7.57 S DT 25
S6 5.2 4.82 4.92 4.82 5.84 B/S B-DT 16
The load at failure of experimental specimens is underestimated with a tolerance ∆P =
([P]− PE)/PE from 15 to 34 %.
Failure mode
The failure mode is determined by comparing the values PB, PS with the average load
at failure of each series, PE. For example, PE of series S1 is greater than PS but smaller
than PB indicating shear failure. With the same analysis, the failure mode of series S2,
S4, S5 in suggested models are shear failure (S).
For series S3 and S6, the ultimate values of PS and PB are close together and smaller
than PE. Hence, the failure mode is not clearly classified. It could be bending failure
or shear failure, B/S. In table 6.6, the meaning of abbreviations for failure mode are:
S: shear failure; B: bending failure; DT: diagonal tension failure; B-S: a combination of
bending and shear failure, B-DT: a combination of bending failure and diagonal tension
failure.
In the suggested model, the form of critical cracks is not considered so the shear failure
is not classified according to the form of the critical cracks as diagonal tension failure
or shear compressive failure as experimental results.
6.5.2. Load-deflection relationship
The suggested model with ∆L = 20 mm and ∆F = 0.2 kN was applied for all six
series. Deflections at mid-span (w) and applied load (F) using suggested model (SM) in
comparison with the experimental results are illustrated in figure 6.14. The deflections
could be calculated well by the suggested model until a load equal to [P].
For this type of sandwich beams, the influence of shear force on deflection (wQ) is
remarkably compared to the influence of moment (wM). Although it decreases gradually
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Figure 6.14.: Load-deflection of the engineering model and experimental results
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with the increase of a/d, the percentage of
wQ
wM
amounts to 29% for beams with a/d=5.2
(see table 6.7). The deflection correlated to load capacity, w([P]) can be predicted with
a tolerance from -24 to 12%.
Table 6.7.: Responses of suggested models at load capacity, [P]
Series [P] σt σtex wM wQ
wQ
wM
w([P]) wE([P])
kN N/mm2 N/mm2 mm mm % mm mm %
S1 10.2 -23.95 492.7 0.55 0.64 118 1.19 1.54 -23
S2 8.6 -19.87 553.73 0.92 0.87 95 1.8 2.36 -24
S3 7.2 -85.5 568.00 0.74 0.52 70 1.27 1.37 -8
S4 6.72 -42.33 668.34 2.13 1.21 57 3.34 3.19 5
S5 5.68 -40.88 731.59 3.77 1.25 33 5.03 4.49 12
S6 4.92 -88.47 781.81 4.45 1.28 29 5.73 5.13 12
6.6. Conclusion
Based on the experimental investigation on 18 small scale TRC-EPC beams, the devel-
opment and application of the new suggested model originating from linear sandwich
theory are presented. From the above application for TRC-EPC sandwich beams with
a/d from 1.5 to 5.2, some conclusions for this model can be summarized as following:
• With considering the influence of cracking on the bending and shear stiffness,
the linear sandwich theory is applicable for TRC-EPC sandwich beams.
- Failure mode is defined by the maximum value of compressive stress or shear
resistance according to bending and shear failure.
- Load capacity at failure is mainly controlled by the shear resistance according
to the proposed equation mentioned in chapter 5 with a tolerance in the range of
16-29%. Meanwhile, the tolerance with the FEM model without considering the
bond destruction in TRC layer is around 26%.
- Deflections correlated to the load capacity [P] can be calculated with a tolerance
from -24 to 12%.
- The percentage of
wQ
wM
reduce from 118 % to 29 % with the increase of a/d from
1.5 to 5.2.
• In the suggested model, it is supposed that the bond between the layers as
well as between the textile reinforcement in the TRC layers is perfect. Thus, the
influence of bond on the displacement and tensile strength of textile reinforcement
needs to be deeply studied in further researches.
• Shear resistance, which is estimated according to the proposed equation, needs
to be confirmed by more experiments.
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7.1. Conclusion
An idea of using EPC with low thermal conductivity and higher strength than thermal
materials to combine with TRC without any connector device and bond materials
formed a new concept of TRC-EPC sandwich. In this research, this novel idea was
gradually realized with the process as illustrated in figure 7.1.
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Figure 7.1.: TRC-EPS sandwich from an ideal to reality
Manufacture principle and material properties of TRC and EPC introduced and re-
viewed in chapter 2 are the bases to develop the concept for TRC-EPC sandwich cross
section. The supplements of textile reinforcement in the tensile zone and EPS beads
in the area near the neutral axis of a fine HSC cross section are the principle to create
the high performance sandwich cross sections. Lightweight and thermal properties can
be modified through additional volume of EPS beads. The bending resistance is vari-
able along with the compressive strength of fine HSC and additional amounts of textile
reinforcement.
Experimental material tests on EPC, presented in chapter 3, showed the possibility to
recycle EPS waste for EPC with a density of around 950 kg/m3. Thus, an EPC core
with a density of 920 kg/m3 and a compressive strength of 5.2 N/mm2 was chosen
to realize the concept for TRC-EPC sandwich with 18 experimental beams. From the
bottom to the top in the beam cross section, there are respectively 6 mm carbon TRC
layer, 88 mm EPC core, and 6 mm fine HSC without any connector devices. Bending
tests of six series with a shear slenderness (a/d) from 1.5 to 5.2 were implemented.
The failure process detected by optical measuring method showed that the bond be-
tween the layers of the experimental specimens existed until the failure. Hence, using
the selected EPC for the core, the bond resistance between the layers of TRC-EPC
sandwich beams with a/d up to 5.2 is ensured without any shear connector device.
The comparison between experimental and calculated results according to DIN-EN
1992-1-1 showed that the bond resistance between the layers of the TRC-EPC sand-
wich beams can be estimated with the assumption that the coefficient for the roughness
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condition of bonding interfaces c=0.4.
The failure of all the specimens occurred along with the development of critical cracks.
The specimens lost their strength as the crack extended to the loading points. For the
specimens with a/d> 4.1, the reason could be the bond destruction between the textile
yarns and the fine concrete in the TRC bottom layer.
The failure moments of all the specimens were smaller than the nominal moment
strength of the cross section. The measured compressive strain of fine HSC for series
S4, S5, and S6 with a/d=3.1, 4.1, and 5.2 and the calculated tensile stress according to
experimentally measured loads of the mid-span cross section of all the series indicated
that the strength of HSC and the textile reinforcement were not exploited. Thus, the
governing load concerns the shear resistance which depends on the ratio a/d.
In order to model the load response of the six experimental series, FEM models devel-
oped with Atena 2D version 4.2.2.2 are presented in chapter 4. It is supposed that
the bond between the layers is perfect. Bending failure took place as the compressive
stress right under the loading points reached the compressive strength of HSC. The
models failed in shear as the maximum compressive stress in the top layer and the
maximum tensile stress in textile at failure were smaller than the strength of the cor-
relative materials. Failure modes of the FEM models can be estimated even in case
of using the compressive strength as the only input data. However, it overestimates
the load capacity with a tolerance of around 34 %. Meanwhile, the other models with
more input data for the materials underestimate the load capacity with tolerance -26
% and -28 % respectively.
Furthermore, the difference of the tolerance for the deflection in the models with and
without a consideration of the bond between the textile and fine HSC in the TRC layer
are around 22 % and 23 %. Thus, the assumption of the perfect bond in the TRC layer
is valid for the FEM models.
The shear resistance of TRC-EPC beams is considered in chapter 5. Regarding to its
density, EPC is a lightweight concrete, so the calculations for shear capacity according
to current standards as well as calculated approaches were implemented. Due to their
generalized form, ACI 318-05 and EC2 offer conservative results for a/d≤5.2. The
dependence of the shear capacity on a/d can be better described with CEB-FIB Model
Code 1990.
The estimation of the shear capacity according to current available approaches for rein-
forced concrete beams without shear reinforcement was implemented. For models with
1.5 ≤ a/d ≤2.1, a strut and tie model gives the most suitable results. In case a/d ≥ 2.1,
Zink’s model offers better results than the others. A new proposed equation for the
shear capacity of TRC-EPC sandwich beams depending on the a/d is also suggested.
In chapter 6, an engineering model originally based on sandwich theory is developed
to model the load-deflection response of TRC-EPC sandwich beams. In this model,
the changes of both bending and shear stiffness due to cracking in the TRC layer are
considered at each load step. The perfect bond between the layers in the cross section
and between textile reinforcement and fine HSC in the TRC layer are supposed. This
model can predict the displacement with tolerances from -24 % to 12 %. The load
capacity of TRC-EPC sandwich beams is underestimated with a tolerance in the range
of 15- 34 %.
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7.2. Proposal for further researches
A new type of TRC sandwich beam, TRC-EPC sandwich was realized. Nevertheless,
it is necessary to take more researches and experiments to clarify following problems:
Material optimization for TRC-EPC sandwich beams
Due to the limited of time and financial support, bending tests of this type of sandwich
with different types of EPC using recycle EPS beads were not implemented. The ex-
perimental results will confirm the environmental advantage of TRC sandwich element
beyond lightweight.
Besides, experiments using a detailed fine HSC mixture not like the commercial prod-
uct in this thesis as the same mortar on TRC-EPC sandwich cross section will be the
basis to chose and optimize the amount of mix components related to environmental
benefits. The method to increase or maintain the strength of EPC but to use more
unfriendly environmental materials such as fly ash, silica fume from industry wastes
are proposed solutions.
The additional experiments will be the bases to confirm and complete the suggested
model to estimate the load capacity as well as the deflections of this type of sandwich
beams. Afterward, the weight can be more reduced by optimizing the density of the
EPC core according to the shear fore distribution in the beam as illustrated in figure
7.2.
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Loadmodel
Shear force
distribution
EPC core
distribution
( <r2 r1 )
Figure 7.2.: Core material distribution according to shear force distribution
Validation of the shear resistance prediction and the suggested model
Calculation approaches for the bond resistance between the layers and shear strength
of TRC-EPC sandwich were suggested and developed. However, they were calculated
and applied for EPC core with a density ρ=920 kg/m3. It should be confirmed by
more experiments using other mixtures with different densities.
Not only shear slenderness (a/d) but also the other geometry parameters, for instance,
the height of cross section influences the shear strength of the beams without shear
reinforcement. The shear slenderness of TRC-EPC sandwich was studied in this thesis.
Nevertheless, the influence of height also needs to take more researches to predict the
shear capacity of the beam with greater height, such as h=20 or 30 cm. It should
be implemented on the big scale experimental models that was limited by financial
support for this research.
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Influence of the bond between textile reinforcement and fine HSC
In this thesis, it is supposed that TRC is the results of the other research projects.
To simplify the calculation, a perfect bond between the textile reinforcement and fine
HSC in TRC layer is assumed. However, the textile displacements at the end of some
experimental specimens were signs of the bond destruction in the TRC layer. In order
to clarify this problem, further researches need to be implemented.
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A.1. Grain size distributions of TZ 250 and TZ400
For TZ250 and TZ400, EPC beads are recycled. The component mix of EPS beads are
presented in following table A.1 . The sieve residue on sieve with diameter 0.125 mm
are the correlative amount of cement in these mixture.
Table A.1.: Grain size distributions of TZ250 and TZ400
Grain size
Sieve residue Sieve residue
TZ250 TZ400 TZ250 TZ400
mm g g % %
16 0 - 0 -
8 2 3.4 1.0 3.5
4 11 2.7 5.6 2.7
2 5 0.7 2.5 0.7
1 3 0.5 1.5 0.5
0.5 1 0 0.5 0
0.25 0.1 0 0.2 0
0.125 0.3 0 0.2 0
0 175 91 88.7 92.6
Total 197.4 98.3 100 100
A.2. Grain size distributions of new and deformed EPS beads
The form of EPS beads influences on the strength of EPC. Thus, new EPS beads
was used for the second experimental EPC series and the deformed EPS beads was
used for the third EPC series. The grain size distribution of these EPS are defined as
summarized on the table A.2.
Table A.2.: Grain size distributions of new and deformed EPS beads
Grain size
Sieve residue Sieve residue
new deformed new deformed
mm g g % %
8 0 - 0 -
4 10 19 40.0 23.2
2 15 63 60.0 76.8
1 0 - - 0
Total 25 82 100 100
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A.3. Poisson’s ratio of the selected EPC
The Poisson’s ration of the EPC with a density 920 kg/m3 using for the core of ex-
perimental TRC-EPC sandwich beams is measured with the experimental set-up as
illustrated in figure A.1.
Figure A.1.: Measuring Poisson’s ratio
The measured results are observed at 28 days old on cubic specimens (100 mm x
100 mm x 100 mm) in the two horizontal directions. The measured results at failure
are summarized in table A.3. The specimens were de-moulded after one day and
maintained under wet sackcloth and nylon paper, and then stored at 65 % humidity
and 20 ◦C temperature until they were 28 days old.
Table A.3.: Poisson’s ratio of EPC, υ
Cubic
specimens
Direction 1 Direction 2 Average
W7 0.2 0.2 0.2
W9 0.25 0.25 0.25
W10 0.26 0.26 0.26
W11 0.22 0.28 0.25
W12 0.24 0.28 0.26
W13 0.28 0.28 0.28
Average
values
0.24 0.26 0.25
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B. Notation
Abbreviations
AAC - Autoclaved aerated concrete
AFRP - Aramid Fiber Reinforced Polymer
B - Bending failure
B-S - Bending and Shear failure
CFRP - Carbon Fiber Reinforced Polymer
D - Flexural rigidity
DT - Diagonal Tension failure
EPC - Expanded polystyrene concrete
EPS - Expanded polystyrene
E - Elastic modulus
F - Flexural cracks
FC - Foam concrete
FCA - Fully-Composite Action
FEM - Finite Element Method
FRP - Fiber Reinforced Polymer
Fs - Flexure-shear cracks
G - Shear modulus
GFRP - Glass Fiber Reinforced Polymer
HSC - High strength concrete
L - Length of the span
LC - Lightweight Concrete, Lightweight aggregate Concrete
LVDT - Linear Voltage Displacement Transducers
M - Moment
NCA - Non-Composite Action
OMT - Optical Measuring Technique
PCA - Partially-Composite Action
PU - Polyurethane
Q - Shear force
S - Shear failure
Sc - Shear compressive failure
STM - Strut and tie model
SG - Strain Ggauges
TR - Textile Reinforcement
TRC - Textile Reinforced Concrete
UHPC - Ultra High Performance Concrete
XPS - Extruded polystyrene
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B Notation
Latin upper case letters
Asl - The area of the longitudinal reinforcement
Lt
′ - The length of failure band for tension
Atex - Area of the textile reinforcement
Ab - Area of the bottom layer in the sandwich cross section
At - Area of the top layer in the sandwich cross section
Bb,i,j - Flexural rigidity of the bottom layer of beam element j at load step i
Bb,i - Flexural rigidity of the bottom layer at load step i
Bc,i - Flexural rigidity of the core at load step i
Bs,i - Sandwich bending stiffness of the beam at load step i
Bt,i,j - Flexural rigidity of the top layer of beam element j at load step i
Bt,i - Flexural rigidity of the top layer at load step i
Bb - Flexural rigidity of the bottom layer
Bc - Flexural rigidity of the core
Bi - The general bending stiffness of sandwich beam at load step i
Bs - Sandwich flexural rigidity
Bt - Flexural rigidity of the top layer
Mt,Qt - Moment and shear force in the top layer
Mb,Qb - Moment and shear force in the bottom layer
Ms,Qs - Moment and shear force due to sandwich effect
Etex,i,j - Elastic modulus of the textile reinforcement of beam element j at load step i
Etex - Elastic modulus of the textile reinforcement
Eb - Elastic modulus of the bottom layer
Eb - Elastic modulus of the bottom layer
Ec - Elastic modulus of the core layer
Ecs - Secant elastic modulus at peak stress
Eo - Initial elastic modulus
Et - Elastic modulus of the top layer
Gc,crack - Shear modulus of the core after cracking
Gc - Shear modulus of the core layer
Gf - The fracture energy
Gr - The reduced shear modulus
G - The initial shear modulus
VRd,ct,Vc
- The shear strength of the beam without shear reinforcement
Qb - Shear force in the bottom layer
Qt - Shear force in the top layer
Qc - Shear force in the core
Ib - Inertia moment of the bottom layer in the sandwich cross section
Ic - Inertia moment of the core layer in the sandwich cross section
It - Inertia moment of the top layer in the sandwich cross section
Ld - The crack band size
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Latin lower case letters
a - Shear span
a
d
- Shear span-to-depth ratio
ab - distance from the neutral axis to the gravity center of the bottom layer
at - distance from the neutral axis to the gravity center of the top layer
b, bw - Width of the cross section
c - the coefficient for roughness
d - the effective depth
fc - compressive strength of concrete
fc7 - the compressive strength at 7 days old of concrete
fck - cylinder compressive strength of concrete
fct - tensile strength of concrete
fcu - cubic compressive strength of concrete
fr - modulus of rupture of concrete
f
′ef
t - the effective tensile strength derived from the bi-axial failure function
f
′ef
c - the effective compressive strength at peak stress
hc - Thickness of the core
lc - the characteristic material length
pmax - the maximum theoretical porosity of the EPC
p - porosity of the EPC
rec - the reduction factor in direction 1 due to the compressive strength in direction 2
ret - the reduction factor direction 1 due to the tensile strength in direction 2
rg - the shear reduction factor
tt - Thickness of the top layer
tb - Thickness of the bottom layer
t - Thickness of the face layer
w - the bending deflection of the beam
wc - the crack opening at when tensile stress is equal zero
wcr - the crack width
wM - the deflection caused by moment
wS - the deflection caused by shear force
wi,j - the bending deflection of element j at load step i
z - distance between the the gravity centers of the bottom and the top layer
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B Notation
Greek letters
α’ - coefficient of thermal expansion
ǫc - strain of concrete in the TRC layer
ǫcu - the ultimate strain of TRC
ǫtex - strain of textile yarn in the TRC layer
η1 - the reduced factor for lightweight concrete according to ρ
γ - distortion
γc - the safety factor for concrete
κ - scale coefficient according to EC 2
λ’ - coefficient of thermal conductivity
µ - Poission’s ratio
ρ - density
ρEPC - the density of EPC
ρEPS - the density of EPS beads
ρl - the steel reinforcement ratio
ρmatrix - the matrix density
σ (p, φ) - the compressive strength of EPC with porosity p and bead size φ
σmatrix - the compressive strength of the matrix in EPC
σt,M - the compressive stress of the top layer at mid-span
σt,max - the maximum compressive stress in the top layer
σt - compressive stress of the top layer
σtex,max - the maximum tensile strength in textile yarn of the TRC layer
σ - normal axial stress
σ(Mt,b) - normal axial stress in the top and bottom layer caused by the Mt,b
σ(Ms) - normal axial stress caused by the Ms
σc,cr - tensile strength of fine concrete
σtu - tensile strength of textile reinforcement
τ - shear stress
τ(Qt,b) - shear stress in the top and bottom layer caused by the Qt,b
τ(Qs) - shear stress caused by the Qs
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